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ABSTRACT 
The Lower Paleozoic sequence at Mt. Owen, Nelson, 
hosts gold and base metal mineralization. The succession 
comprises the Wangapeka Formation (a black shale and sand-
stone unit), the underlying Arthur Marble Formation, which 
in turn rests on a metamorphosed and hydrothermally altered 
sequence of quartzite, dolomite, and black shales, 
informally defined here as the Owen Formation. The succes-
sion dips steeply westward, away from the adjacent intrus-
ive batholith of Cretaceous Separation Point Granite. 
Tectonic deformation, metamorphism, and hydrothermal altera-
tion are related to two principal controls: (a) granite 
intrusion, and (b) confinement of fluid processes beneath 
the marble. 
Study of the disseminated sulphide minerals in the 
sedimentary rocks shows that whereas the sequence within 
and above the marble contains only crystalline pyrite, the 
more altered Owen Formation contains a complex suite of 
minerals, exhibiting the paragenesis: 
pyrite ___ pyrrhotite ___ marcasite ~pyrite 
Base metal ores form both replacement and infilling 
bodies within, and near, the marble, and comprise argen-
tiferous galena, sphalerite, and minor chalcopyrite; in 
one deposit a silver-rich tetrahedrite occurs, together with 
more complex minerals of the fahlore group. Gold is sub-
stantially confined to quartz-carbonate veins in the Owen 
Formation, where it occurs in a hypogene assemblage of 
marcasite, pyrite, and quartz, which represents late stage 
deposition. Some gold, which is highly argentiferous, 
Occurs partly in idiomorphic form and is considered to be 
hypogene; supergene gold is also present. An earlier 
2 
report of native bismuth appears to be based on the misiden-
tification of native lead. 
Mineralization extended over a wide range of generally 
declining temperatures and changing fluid composition; 
precise reconstruction of physico-chemical conditions is 
di cult due to the effects of retrograde overprinting, and 
the lack of equilibrium data for the sulphide, carbonate, 
and s icate systems examined. A study of fluid inclusions 
provides some precise data on the hydrothermal system; 
evidence for the existence of a CO 2-saturated uid during 
mineral deposition permits the use of filling temperatures 
without correction for sealing pressure. The measurement of 
both CO 2 content and salinity one inclusion permits com-
P-T-X evaluation of the local fluid system at the time 
of sealing: 
Xco = 15 wt.% 2 
XNaC1 = 9.3 wt.% P = 790 b 
All data are combined in an interpretative model for 
the mineralization, in which a fluid is produced by 
intrusion-induced dewatering and dehydration of sediments, 
and the mobilisation and transport of ore metals is pro~ 
moted by decarbonation and desulphurization reactions. 
Structural control by the impermeable marble produces an 
up-dip, non-recirculatory fluid flow 1 resulting in intensi-
fied alteration and mineralization in the upper Owen Forma-
tion. 
3 
CHAPTER I 
INTRODUCTION 
I. GENERAL INTRODUCTION 
area generally known as the Owen Goldfield lies at 
the headwaters of the Owen River, the northernmost tributary 
of the Buller River (Figure 1 1). Prospecting during the 
1880's located both gold bearing veins and argentiferous base 
metal occurrences in an area of Paleozoic rocks to the south 
of Mt.Owen. Several ore bodies were mined during a period of 
speculative development, 1887-1889, but all attempts failed 
within a short time due to unprofitable operation. The field 
was rapid abandoned, and has since attracted only minor 
prospecting. The mineralization has not been investigated 
prior to this project, and very little information on the 
economic geology was known other than brief observations made 
by the Geological Survey and Mines Department f during the 
mining period. 
(1) Scope of Project 
The aims of this project were as follows: 
(i) To cribe mineralization and its geological • 
setting. 
(ii) To elucidate the controls, conditions, origin, and 
history of the mineralization. 
(iii) To determine the reasons for the failure of the early 
mining attempts. 
P. g 
• 
FIG. 1-1 Map of the Nelson 
region showing location of 
Mt. Owen and the project area 
in relation to Eastern Belt 
Paleozoic sediments (stipple) 
and the Separation Point 
Granite batholith. 
5 
Because of the lack of previou~ work, this broad range 
for the project was considered necessary. This has, however, 
resulted in a superficial treatment of some aspects, which 
require more detailed investigation for their proper inter-
pretation. This applies chiefly to the mapping, where con-
siderably more work than was able to be done is required to 
permit a comprehensive structural interpretation. 
II. GEOLOGICAL SETTING AND PHYSIOGRAPHY 
(1) Geological Setting 
The Owen Goldfield is located on the south-east slopes 
of the Owen Massif, an area of high country dominated by Mt. 
Owen (1877 m) and several sub-peaks, all displaying a rugged 
karst topography incised into thick marble. The Owen Massif 
represents the southernmost limit of the Eastern Belt 
(Cooper, 1975), a more or less continuous belt of lower 
Paleozoic limestones, shales, and their metamorphosed equiv-
alents which extends southward from Takaka (Fi~ure 1-1). The 
Paleozoic sediments terminate in a, blunt, fault-bounded apex 
against a thick succession of Tertiary rocks, and reappear 
only at Maruia, 80 km further south. 
The rocks of the Owen Mass comprise a relatively 
simple, upright, succession of three distinct units: quartz 
ites, sandstones and carbonaceous mudstones overlie a thick 
and continuous marble, which in turn rests upon a more complex 
unit predominantly dark, dolomitic shales and sandstones. 
A general westward dip of the succession south of Mt .. Owen 
exposes the lowermost unit in the headwaters of the Owen 
River, where the unit is separated from the Separation Point 
batholith by a fault block of Tertiary sediments. Although 
mineralization occurs in all three Paleozoic units, the bulk 
of the gold occurs in veins in the lowermost unit, and the 
base metal deposits are concentrated near the base of the 6 
marble. 
(2) Physiography 
The Owen Massif presents a prominent, up-faulted, 
erosion resistant block, elevated above the surrounding 
-, 
Tertiary rocks. The topography arid drainage pattern on the 
massif are strongly controlled by bedding and jointing in the 
limestone. Elevated plateaus formed on stripped bedding 
plane surfaces are deeply incised by solution channels and 
sinkholes. The eastern margin of the massif terminates in a 
steep scarp produced by fault-controlled erosion of the 
westward-dipping succession, forming the narrow valley of the 
Owen River headwaters. The auriferous veins are found on 
steep slopes below the escarpment, along both sides of the 
Owen River, and in the valley of a smaller eastern tributary 
known as Bulmer Creek (Figure 1-2). 
Access is restricted by the steepness of the slopes, 
with large bluffs cornmon where the marble crops out. 
Traverses from the valley to the top of the scarp are possible 
only in a few places. Thick bush is present almost everywhere 
below 1200 m, except for bluffs and scree slopes and a small 
area in the south of the region which is farmed. Exposure is 
poor in areas of bush cover, but considerably better in 
streams and cliffs, although rarely continuous for more than 
a few metres. 
Many new names for geographic features are introduced in 
this report to supplement the sparse range of existing 
locality names. Most new names have been derived from early 
mining records or local names (Appendix I). 
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III. HISTORICAL BACKGROUND 
Mount Owen was so named by von Haast, who was impressed 
when he first saw the massif on an expedition in January, 
1860. In keeping with his policy of naming prominent 
features after Bri sh geologists, he named the mountain 
after Richard Owen, a well known contemporary Scottish 
paleontologist. Haast established that the Owen River, 
which drained from the' mountain, was gold bearing by obtain-
ing a single flake 
1861). 
The gravels of 
gold in a panning test (von Haast, 
river were too poor to attract 
alluvial miners, and no prospecting in the valley is 
recorded until 1882, when a syndicate of three men (Bulmer, 
Gibbs and Byrne) announced in Nelson City the discovery of 
gold bearing quartz in the valley of Bulmer C 
spending several years prospecting the region. The short 
period of development and mining which followed til cov-
is not well documented. The summary of these events 
given below is based on ial publications (Handbook of 
N.Z. Mines, 1887; Black, 1887; Bird, 1887, 1888; Gordon, 
1888; Hector, 1888; Park, 1888) and later summaries 
(Downey, 1928; ~i]illiams, 1965) f supported by additional 
Is from the files of newspapers of the surrounding dis-
tr s (The Nelson Evening Mail; The Colonist; The 11 
Personal reminiscence provided by Lyons (1952), 
and an excellent background local history by Brown (1976). 
(1) Early Prospecting and Development of the Field 
original party of pros tors made formal applica-
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.tions claims in 1882, and the discovery initiated 
further prospecting. Until 1887 the number of leases in 
the area slowly increased as further veins were discovered. 
, 
An increasing population gave rise to a small township, 
with commerc enterprises set up to serve the prospectors 
in anticipation of more extensive operations. By late 
1887, more than thirty leases had been taken up, and on the 
results of some good assays, sufficient shareholders' funds 
were accumul by some the larger companies to enable 
mine development and stockpiling of ore for crushing in 
batteries which were under construction. Few assay 
values for the Owen ores are available, but many of the 
published results are very high, including one widely pub-
licised value of more 19 oz/ton (Handbook of N.Z. 
Mines, 1887). Later as from the well developed mines 
show erratic, but general much lower values. This dis-
crepancy may be partly due to surface enrichment effects, 
but non-representative sampling was probably the major 
cause. 
The period of 'boom' development at Mt. Owen coincided 
with major expansion at the Reef ton, Lyell, and Wangapeka 
quartz mining fields. The rise in mining in 
the Nelson district was marked by the founding the short-
lived Nelson School of Mines (see front ), which was 
initiated principally by the development of 
(see Black, 1888). 
(2) The Mining Period, 1888-1890 
Owen ld 
In the summer of 1888, the field attracted widespread 
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attention with the start of crushing at two batteries. Of 
all the quartz claims taken up (see Map 2), only two were 
able to sustain crushing operat~ons, the others either 
waiting to sell their ground to the operating companies, or 
intending to have their ore crushed by contract. 
(a) The Enterprise Lease. The largest compan¥ was the 
Enterprise, which exposed a large but poorly defined vein in 
a spur on the western side of the valley, immediately south 
Halfway Creek. Mine development consisted three 
levels from hillside adits, with a winze between levels 2 
and 3. Stoping was done in level 1, and possibly level 2. 
Conditions for working the mine and plant were considered 
excellent; the crushing battery was set up near the portal 
of the lowest level (3), and adequate water power was avai 
able to operate the plant. 
, 
(b) The Wakatu Lease. This lease was located among a 
group of claims taken up by the original applicants in 1882, 
and operated on a partly co-operative basis with respect to 
sharing of the ore transport ropeway and crushing equipment. 
The other leases of this group (Uno, Bulmer Creek, Natal, 
Maria Louisa, Chance it, and others) will not be described, 
but together with the Wakatu may be collectively termed the 
Bulmer Creek Group. A public crushing battery was erected 
at the Owen River opposite the mouth of Bulmer Creek, so as 
to receive ore from many surrounding claims. Here also, the 
adequate flow and fall of the river permitted the use of 
water power, provided by a headrace and a short penstock, 
giving 27 m of fall to drive a double pelton wheel. The 
Wakatu Company conceded the water rights in return for the 
10 
first crushing of 1,000 tons. At several leases in the 
Bulmer Creek Group, visible specimen gold was reported, and 
several long drives and cross-cuts were commenced to prove 
the extent of the veins. 
(c) The Golden Crown Lease. A small mine was operated 
on a hill above the public battery where a winze was sunk 
on a vein outcrop, a short distance west of Trig GC. A 
small amount of rich ore was extracted and crushed, but 
mine development'was poor. A low level drive was recom-
mended, but if ever completed, failed to locate the vein. 
(d) This company attempted to 
work a vein outcropping on the steep slopes north of the 
~ 
Enterprise Lease. Good quartz was found in outcrop work-
ings, but not traced in development drives. 
(e) Other Gold Leases. Of the many other gold leases 
in the area, few contributed any ore for crushing, most 
being merely prospected and held as speculative ventures. 
(f) The Outcome of Crushing. Both batteries commenced 
operating in early 1888, but on cleaning-up after a few 
weeks' crushing, very disappointing results were obtained. 
The Enterprise ore yielded only 0.1 oz/ton (3 ppm), and the 
Wakatu ore at the public battery performed only a little 
better. A decline of interest began immediately. Some 
attempts to improve gold recovery were made, including the 
dismissal and replacement of some mine managers, but very 
little further crushing was done. The Enterprise Company 
cut their losses by selling their plant, while many of the' 
Bulmer Creek leaseholders amalgamated their holdings. Rich 
ore patches were worked over the next few months in a 
period general decline of operations. It is not known 
how long the public battery remained working, but it 
appears that only a few hundred tons of ore was crushed 
for an average yield of less than 0.2 oz/ton (6 ppm). 
(3) The Silver Mihing Ventures 
During Park's visit to the field when the batteries 
were crushing, he was shown samples of water-worn galena, 
found among the gravels of Bulmer Creek. His advice to 
the miners was to examine the base of the marble the 
source s mineral, and subsequent prospecting 
revealed a number of small base-metal occurrences at this 
horizon (Park, 1888). Attracted by high silver values in 
the ore, a new wave of speculation developed, and c 
were taken out around prospects near Trig C, the Bulmer 
headwaters, lower Fyfe River, and Silverstream (Baigent) 
Creek. Only in Fyfe River was a workable deposit found, 
where the Company rapidly worked out a 
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body of rich ore. Work at the other locations was re-
stricted to small prospecting operations. The attraction 
of silver mining appears to have been particularly strong, 
leases being taken out in two continuous lines, each based 
on the trend of small ore bodies, projected over a distance 
of more than 2.7 km in each case. Waves of prospecting 
recurred over many years, with the development of 'lost 
reef ' legends, of which a classic example is found in 
Lyons' (1952) description of the locality near Trig C. In 
1911, the Mount Owen and Rising Sun Mineral Company was 
formed by local shareholders, and took over the old leases 
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in this area, employing a prospector (C.S. Beilby) to drive 
exploratory adits. These attempts to' find an ore body were 
unsuccessful, although the company persisted for several 
years. The locality, later known as Beilby's , was 
subject to a brief investigation in the 1950's (Williams, 
1965), and again in 1970. 
a lJ 
! 
c d 
~ 
FIG. 1-2 The central part of the Owen Goldfield, photographed from a 
point above the south bank of Halfway Creek, approximately 350 m east of 
the Owen River. Features indicated are: (a) flank of Mt. Peru, 
(b) Bonanza Spur, (c) Sunrise Peak, (d) summit of Mt. Owen. In the 
valley of Bulmer Creek, which can be seen extending westward behind 
Bonanza Spur, the snow-covered slumps visible immediately above the 
ridge in the foreground mark the site of workings by the Uno and 
Wakatu mining companies. 
~ 
W 
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IV. PREVIOUS WORK 
The only significant published investigations of the 
mineralisation are the brief observations made by the visit-
ing geologists when the mines were operating, and these 
reports have been referred to above. Only Park (1888) and 
Hector (1888) include notes on the geology of the area, 
Park's report including a cross-section (Figure 1-3), a 
structural interpretation and a geological history. He 
considered the minerali.zation to be the result of 'infil-
tration from the surface' into fissures formed by granite 
intrusion. His rejection of a purely magmatic origin is 
surprising, in view of the widespread acceptance of this 
concept of ore genesis at the time. 
During the mining period, the government analyst pub-
lishedannouncements concerning the supposed discovery of 
bismuth in the ores (Skey, 1887, 1888a, 1888b). This and 
other early observations on the ore mineralogy are 
reviewed in Chapter V. 
Following the decline of interest in the goldfield, 
no further geological work was done in the area until the 
late 1920's, when J. Henderson and H.E. Fyfe of the N.Z. 
Geological Survey undertook field work for the mapping of 
the Murchison Subdivision. Brief progress reports 
appeared at the time (Henderson and Fyfe, 1927), and the 
completed maps were drawn up in 1935, but the text of the 
bulletin did not appear until 33 years later (Fyfe, 1968). 
The structural and stratigraphic information provided in 
this bulletin is discussed in Chapter III. 
.A. Enterprise Cll1im. B. Owen River. O. Hl1lf-wl1Y Oreek. 1. Oretl1ceo-
tertil1ry rocks. 2. Limestone. S. Auriferous sll1tes. 4. Granite (Mount 
Hope Rl1nge). 
FIG. 1-3 An east-west cross-section through the Owen 
Goldfield drawn by Park (1888). The 'limestone' to the 
left (west) is marble, and the contacts at the margin 
of the Tertiary rocks are faulted, not sedimentary as 
shown. Park did not see the shales and slates over-
lying the marble at Mt. Owen, and did not extend the 
section to include these units. 
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Kear (1954) c out detailed mapping of the 
Tertiary rocks in area, and his information concerning 
Tertiary contacts faulting has been used in this report 
~ 
(see map 1). 
Fyfe's mapping was ed with the issue of the 
1:250,000 sheet for area (sheet 15, Bowen, 1964), and 
the new stratigraphic interpretations were based on corre-
• 
lation with sequences in Mt. Arthur region. 
The entire Mt. Owen has recently been re-mapped 
by the N.Z. Geological Survey data compilation for 
sheet S19 (Tadmor), 1:63360 s s (Coleman, in press), 
although the goldfield area will on an adjacent 
sheet, S26 (Hope), in preparation. I 
CHAPTER II 
STRATIGRAPHY 
I. STRATIGRAPHIC CLASSIFICATION AND NOMENCLATURE 
(1) Previous Classifications 
All previous attempts to apply stratigraphic nomen-
clature to the rocks at Mt. Owen have been limited by the 
lack of fossils, and have relied on correlation with 
similar lithostratigraphic units further to the north. A 
summary of the various classification schemes and ages 
assigned is given in Figure 2-1. 
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(a) Park, 1888. Park compared the Owen rocks to those 
in the Wangapeka-Baton district, and defined lithologic 
units but did not apply formal names. On the basis of 
corals from the Wangapeka valley he considered the marble 
to be Lower Silurian, and the overlying slates and sand-
stones Upper Silurian, although he did not see this unit at 
the Owen Goldfield (see Figure 1-2). No age was given to 
the unit beneath the marble, which he described as 'blue 
slates, etc.', and 'auriferous slates'. His reason for not 
attempting age correlation for this unit may be attributed 
to Hector's (1888) belief that an unconformity existed below 
the marble. Park recognised the post-Devonian, intrusive 
relationship of the granite, and suggested a lower Carbon-
iferous age. 
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(b) Henderson and Fyfe, 1935. On the. geological maps 
drawn up for the Murch on Subdivision bulletin, no dis-
tinction of the Paleozoic units at Mt. Owen is made, 
except for approximate lithological boundaries shown by 
dashed lines. All of the units are aced within the 
classification Mt. Arthur Series, and considered to 
Upper Ordovician in age. No age is given for the granite. 
(c) Bowen, 1964. The issue of the 1:250,000 geo-
al maps for the Nelson region introduced a new strati-
graphic interpretation and nomenclature, based mainly on 
the work of Grindley (1961). The marble at Mt. Owen was 
c sed as Arthur Marb (Upper Ordovician) , 
the overlying unit Wangapeka Formation (? Silurian), and 
underlying unit Flora Formation (Middle Ordovi an) f 
all by correlation with similar lithologies at Wangapeka 
and Mt. Arthur. The sequence the three formations was 
termed the Mt. Arthur Group. The granite was named 
Separation Point Granite (? Carboniferous). 
(d) 1968. R.P. Suggate, in editing the text 
accompanying the long-awaited publication of Fyfe's (1935) 
maps, provided a revised stratigraphy for the lower 
Paleozoic rocks of the area. The classification is similar 
to that of Bowen, but restricted the age of the Mt. Arthur 
Group to Middle to Upper Ordovician in the light of new 
fossil evidence, and listed the Separation Point Granite as 
Cretaceous, after the result of radiometric dating was 
known (Aronson, 1965). 
(e) This Work. When this project was commenced, the 
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stratigraphic classification as given in Fyfe (1968) was 
used. During the course of the project, the Nelson 
Ordovician stratigraphy underwent a major revision, 
although at the time of writing, the revised scheme has 
not yet been published (Coleman, in press) . 
Re-mapping of the Mt. Arthur region by N.Z. Geological 
Survey staff has recently revealed that the Flora 
Formation, at the type locality, is a facies of the 
wangapeka Formation, which was seen to contain laterally 
equivalent marble and shale sequences, and to overlie a 
continuous marble, the base of which is not exposed. The 
name Wangapeka Formation is to be retained, now embracing 
an extended range of lithologies including the rocks 
previously mapped as Flora Formation. The continuous, 
lower marble is to retain the classification Arthur Marble 
Formation* (R.A. Cooper, pers comm.). 
These two extant formation names appear to remain 
applicable at Mt. Owen, where a single, thick marble is 
present, overlying a sequence which is lithologically dis-
tinct from any part of the proposed, new Wangapeka 
Formation. In view of the impending changes to the nomen-
clature, it appeared undesirable to use the existing scheme. 
Continued use of the term Flliora Formation would lead to 
confusion by implied correlation with the Flora locality. 
In abandoning this name, the unit beneath the marble at 
Mt. Owen could be classified either by correlation with 
* Name modified from Mount ~rthur Marble Formation by 
Grindley (1971). 
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other named units, or by the assignment of a new name. 
The only two possible correlatives are the Pikikiruna 
schist (Grindley, 1961) beneath the Arthur Marble at Takaka 
Hill, 65 km north of Mt. Owen, and the Thompson's Flat 
Formation (Farmer, 1967) which underlies a thin Ordovician 
marble at Springs Junction, 80 km to the south of Mt. Owen. 
To adopt the name of the highly metamorphosed Pikikiruna 
Schist for the much less metamorphosed rocks at Mt. Owen is 
considered unjustified, irrespective of their possible 
equivalence. The Thompson's Flat Formation, 
although bearing strong lithologic similarities with the 
unit at Mt. Owen, is too remote for reliable correlation in 
the absence of good evidence of age relationships. The new 
name Owen Formation has therefore been proposed* for this 
unit at Mt. Owen, and is used informally throughout this 
report. 
* In a private communication to the N.Z. Geological 
Survey, October 1975. 
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(2) Lithologic Descriptions (see also Figure 2-5) 
(a) Wangapeka Formation. Within the project area, 
this unit comprises a maximum thickness of approximately 
600 m laminated'sandstones and mudstones, conformably 
overlying the Arthur Marble to the south and west of the 
mouth of Fy River. The basal 100 m contains abundant 
mass sandstone and quartzite beds which rarely exceed a 
metre in thickness, and which are interbedded with f~nely 
laminated carbonaceous mudstone and siltstone (Figure 2-2). 
Throughout the remainder of the formation, carbonaceous mud-
stone and fine sandstone lithologies dominate. Stratiform, 
cubic pyr is common in all lithologies except massive 
sandstone, and is especial abundant in units of inter-
laminated carbonaceous mudstone and s tstone. 
Penetrative deformation is restricted to a weak slaty 
cleavage, and sedimentary structures are well preserved. A 
variety of sole markings, ripple marks and finely laminated 
small scale cross-stratification can be seen. More rarely, 
bioturbate horizons occur. Current indicators reflect a 
generally west to east flow direction. Load casts, flame 
. I 
structures, and other hydropLast deformation structures 
are widespread in the muddy laminae. Intraformational 
slump folds are present, typically 100-200 mm thick, with 
axes aligned north-south. These folds close to the east, 
suggesting a" downward paleoslope in that direction giving 
rise to syntaphral movements. 
The sediment composition is dominantly quartz-rich, 
and no carbonate horizons are known to occur in the project 
area. Along Fyfe River, beyond the goldfield area, the 
Wangapeka Formation to grade laterally into, or 
intercalate with, the marble, forming calcareous shales 
and impure, carbonaceous marble. 
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' IG. 2-2 'Black shale' lithologies, Wangapeka Formation. 
Ipper: A sawcut slab, showing sedimentary structures, 
leformation structures, and pyrite crystals. Approxi-
lately natural size. UC8872 
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Jower: Fine sedimentary laminations showing stratiform 
)yrite (black, granular), and dark, carbonaceous laminae. 
leformation of the pyrite grains and the surrounding sedi-
.1ent is visible. The central disturbance of lamination 
lay represent a burrow. 
~ thin section, ppl. x5 UC8868 
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(b) Arthur Marble Formation. Reliab measurements 
of the true thickness of this formation are d ficult to 
obtain, due to evidence of possib thickening. 
A minimum of 250 m may be considered a conservative 
estimate, and 500 m a possible maximum. The term Arthur 
Marble as used in this report represents an informal con-
traction of the formation name. 
The marble contains very few structures, and is pre-
dominantly massive. Observations from a number of 
traverses suggest the following lithostratigraphy: 
(i) To the north of the project area, the top of the 
formation is well exposed, and exhibits a thin bed (1-2 m) 
of sparry and partly phosphatised marble (Figure 2-3). 
(ii) The upper half to one third of the formation con-
tains bands of flint nodules lel to bedding. The 
nodules, which stand out on weathered surfaces, 
range up to fist size, and rough, irregular margins. 
An origin from siliceous sponges is possible. 
The characteristics of zones (i) and (ii) are absent 
in the section exposed in River, where the marble is 
massive, with a weak liation parallel or sub-parallel to 
bedding. 
(iii) A stratigraphic interval below the flint bands, 
spanning approx one-third of the formation thickness 
is massive with indications of bedding. 
(iv) A bas unit, up to approximately 60 m in thick-
ness, is 
sha and do 
by an increasing content of siliceous 
as the base is approached. The 
impurities are finely interlaminated, and result in a 
bedding cleavage which is overprinted by a cross-cutt 
cleavage near the base of the unit to produce a strong 
lineation (Figure 2-3). 
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G. 2-3 Lithologic variations in the Arthur Marble 
rmation. 
per: Phosphatic marble from the uppermost unit, con-
ining shell fragments and dark, carbonaceous organic 
tter. 
thin section, ppl. x5 UC8874 
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wer: A section near the base of the formation, south of 
ig C, showing a gradation from fissile, impure marble, 
wards into a more massive and pure marble. The marble 
cut by a basic intrusive sill (indicated) which is 
proximately 0.5 m thick. 
(c) Owen Formation. At least 750 m succession 
are contained in this formation, and if major faulted 
repetition does not exist, a thickness of approximately 
1200 m is indicated. The formation cons ts of a dis-
tinctive and highly varied lithology forming a strati-
graphic succession as lows: 
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(i) The impure carbonate rocks comprising the base 
of the Arthur Marble terminate at a siliceous unit, 
which is conveniently defined as the uppermost unit of 
the Owen Formation, and has been assigned the name Bei 
------~ 
Quartzite. It was in this unit that C.S. Beilby spent 
several years driving prospecting adits, south of Trig C, 
at an elevation of 1200 m. The unit consists re-
crystallized chert, quartz sandstone, and a coarse chert 
granule sandstone, interlaminated with dolomite marble 
and thin shales, and occasionally showing current bedding 
(Figure 2-4). Ferroan carbonate and pyrite give rise to 
a red-brown weathering colour. A thickness of more than 
100 m outcrops in the cl fs at the head of Byrne stream, 
but only approximately 70 m is present in a section near 
Beilby's workings, south of Trig C. South of Bulmer 
Creek, the unit difficult to measure, but probably 
does not exceed 20 m in thickness. 
(ii) Below the Beilby Quartzite lies a dolomitic shale 
of variab thickness, commonly more or less altered to a 
sericitic composition (see below) . 
(iii) Dolomitic horizons occur toward the middle of the 
formation, where one conspicuous and probably continuous 
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bed of dolomite can be traced. This unit consists of a 
tough, dark, fine-grained dolomite, containing character-
istic pyrrhotite. The name ise Dolomite is used 
for this unit, the most easily accessible outcrop being 
, 
in the bank the Owen River opposite Enterprise 
Mine. A thickness of ea. 20 50 m is indicated. 
(iv) The Enterprise Dolomite is underlain by an un-
named succession of cleaved mUdstones and sandstones, 
containing thin, discontinuous lenses of dolomitic carbon-
ate and rare intraclastic conglomerates. A strong 
cleavage is developed in the fine-grained sediments, but 
fine details of sedimentary structures are often found 
, 
preserved. Finely laminated horizons occasionally show 
bioturbation. 
FIG. 2-4 Beilby Quartzite outcropping at the head of 
Byrne Stream. 
Upper: Massive beds of dolomitic quartzite and recrystal-
lized chert near the top of the unit. 
Lower: Interlaminated quartzite and carbonate, showing 
current bedding structures. The massive, pale coloured 
bed near the hammer handle is a chert-rich lithology 
which has undergone extreme recrystallization. 
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(d) Metamorphic Nomenclature for the Paleozoic 
Sediments. 
Both the text of Fyfe's (1968) bulletin and the accom-
panying maps describe the Owen Paleozoic sediments as 
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schist, subschist and marble. The degree of metamorphism 
of these rocks (discussed in Chapter VI) is less than 
that implied by this description. The Wangapeka Forma-
tion and the Arthur Marble show very little metamorphism, 
but the Owen Formation bears a stronger cleavage, and 
frequently shows a strong lineation. These structures 
are prominent where recrystallization of carbonates has 
occurred, thus the schistosity varies markedly with 
lithologic composition. Fine laminations of sedimentary 
bedding are often preserved in the carbonate-poor hori-
zons. The use of metamorphic textural names has been 
avoided where possible in this report. 
(e) Basic Iritrusives. It is apparent that Fyfe 
found boulders of basic igneous rock in Frying Pan Creek, 
and attributed their source to a small area south of 
Trig EH, which he mapped as 'Basic and Ultrabasic rocks 
of the Western Mountains'. Re-mapping of the area shows 
this rock to be extremely widespread, and to occur as 
thin sills, a metre or less in thickness, throughout the 
Wangapeka Formation and Arthur Marble (Figure 2-3). The 
rock is highly altered and often difficult to distinguish 
from the host lithologies. An intrusive origin is 
suggested by altered margins in the country rock, where 
some of the slates have become 'spotted' near the contact, 
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and also by indications of cross-cutting of the bedding. 
Identification of the original composition is complicated 
by the extreme alteration. In hand specimen the rock is 
dark green with white interlocking feldspars. Thin 
sections suggest an original composition of a dolerite or 
alkaline gabbro. Sausseritisation of feldspar and chlor-
itisation of mafic minerals is prominent in all sections 
examined. Intrusives of similar characteristics were 
reported by Henderson, et. al. (1959) from the Wangapeka 
area north of Mt. Owen. 
(f) Separation Point Granite. The granite forming 
the Mt. Hope Range to the east of the Owen River was 
mapped by Bowen (1964) as Separation Point Granite, 
following Grindley (1961). This rock has not been studied 
in detail, but is seen to be consistent with Grindley's 
description as a massive, leucrocratic, sodic granite. A 
thin contact zone containing metasedimentary remnants is 
described in Chapter VI. The main body of granite 
extremely uniform, except for thin pegmatites. 
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(3) Age 
(a) Wangapeka Formation. During field work by Fy 
in 1927, poorly preserved graptolites were seen in a 
boulder in Fyfe River, but the specimen was not retained. 
In 1965, a collection of graptolites was made from a 
horizon 15 m stratigraphically above the top of the 
Arthur Marble Formation, at a locality approximately 4 km 
north-west of Mt. Owen. Species of Dicellograptus and 
Climacograptus were identified from which a probable 
Eastonian age was deduced (Johnston et. 0, 1965). 
A number of graptolites have since been collected by 
the writer from the Wangapeka Formation south of Fy£e 
River. The fossils are most abundant along the ridge near 
Trig EH, occurring for 150 m west, and 300 m north-east of 
the trig. The best collections were obtained at the 
north-east end this zone, 30-50 m stratigraphically 
above the marble. Fragmentary graptolites were found at 
many exposures elsewhere in the formation, but were too 
poorly preserved for collection. 'The graptolites were, in 
every case, preserved as chlorite films, or more rarely, 
as impressions. Most of the specimens were diplograptids, 
but other families were also represented (Figure 2-6). 
Identifications, kindly provided by Dr. R.A. Cooper of the 
N.Z. Geological Survey, were made as follows: 
Foss record No. S26 80, University collection No. 
UCM 764/1-4 
? Orthograptus Spa 
? Glyptograptus sp. 
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? Clirnacograptus sp. 
? Amplexograptus sp. 
Fossil record No. University collection No. 
UCM 765/5,6 
Dicranograptus sp. 
Glyptograptus 
A Gisbornian-Eastonian age is indicated, but preservation 
is not good enough to permit the recogni on of diagnostic 
species. During early 1978, the writer assisted Dr. Cooper 
in collecting graptolites from several small, in-faulted 
remnants of Wangapeka Formation approximately 2 km west of 
Mt. Owen. A pyritised and relative well preserved fauna 
was found at a similar stratigraphic horizon to that des-
cribed for the other local ies, and included the follow-
ing: 
Dicranograptus sp. 
Dicellograptus sp. 
Climacograptus SPa 
orthograptus ex .. gr. calcaratus 
Climacograptus bicornis, sensu Riva 
(R.A. Cooper, pers. comm.) 
This assemblage confirms the age restriction of 
Gisbornian-Eastonian, with a most probable age of upper 
Gisbornian (Upper Ordovician). These dates refer to a 
relatively narrow stratigraphic zone near the base the 
Formation. No information is yet available to indicate the 
time span represented by the remainder of the Wangapeka 
Formation at Mt. Owen. 
'IG. 2-6 Graptolites from the Wangapeka Formation, 
lorth-west of Trig EH. 
~pper: ? Orthograptus sp. (UCM 764/4). 
. ower: Dicranograptus sp . (OCM 764/5) . 
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(b) Arthur Marble Formation. No macrofossils are 
known from this formation at Mt. Owen, but thin sections 
show rare bioclastic remains. Recent work by staff of the 
N.Z. Geological Survey has revealed the presence of acid-
insoluble microfossils which show promise in dating this 
unit. Conodonts from the top of the marble indicate an 
upper Ll an age. Poorer faunas from lower in the 
sequence do not provide good age-diagnostic indentifica-
tions, but provisional results suggest a probable restric-
tion of upper Tremodocian-Arenigian for the lowermost 
samples. Dolomit carbonates from the Owen Formation 
have, to date, produced no fauna (microfossil data from 
Simes, 1977 and . comm.). 
The indicated of ages spans a considerable time 
period, possibly due to ence of time-compressed 
sequences at the top of, perhaps within, the marble. 
The absence of dates for Owen Formation is regrettable, 
as this unit may also span a long period, possibly with a 
compressed sequence by Beilby Quartzite. 
Faunal identifications are s restricted by the poor 
preservation of the fossils. It is hoped that further 
sampling will provide additional ion. 
(c) Igneous Rocks. The basic si at Mt. Owen are 
probably contemporaneous with similar further 
north, which penetrate Devonian strata, may be corre-
latives of intrusives of the Riwaka Complex, mapped by 
Grindley (1971) as ?Upper Carboniferous. 
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The Separation Point Batholith has been radiometric-
ally dated as ca. 90-100 m.y. (mid cretaceous) by Rb-Sr and 
K-Ar methods (Hulston and McCabe, 1972). 
(4) Correlation with Other Areas 
Possible correlation of the Owen Formation-Arthur 
Marble sequence with the Pikikiruna and Springs Junction 
area on lithostratigraphic grounds alone has been discussed. 
The lithology of the Pikikiruna Schist is obscured by 
advanced metamorphism. The Thompson's Flat Formation, which 
consists of dolomitic mudstones, sandstones, quartzites, 
conglomerates and marble lenses, shows strong affinities 
with the lithology of the Owen Formation. Provisional iden-
tifications of conodonts and trilobites (Simes, 1977 and 
pers. comm.; Cooper et al., in prep.) from the Springs 
Junction rocks provides useful age data. The marble over-
lying the Thompson's Flat Formation contains a relatively 
good Llandelian conodont fauna in its uppermost beds, and is 
therefore probably the equivalent of at least part of the 
Arthur Marble at Mt. Owen. The lower part of the Thompson's 
Flat Formation contains Upper Cambrian trilobites and con-
odonts, again suggesting a time-compressed sequence. If the 
successions at both Springs Junction and Mt. Owen are con-
tinuous, the Owen Formation may be partly or entirely 
Cambrian in age. 
(5) Significance of Inferred Stratigraphic Correlation 
Some aspects of the inferred stratigraphic relationships 
39 
Of the Paleozoic rocks at Mt. Owen may be of fundamental 
significance to concepts of the origin of mineralis on in 
the area. e aspects are as follows: 
(i) The succession at Mt. Owen may represent a very 
long period of slow deposition fine grained sediment, 
much of which is non-terrigenous. A long, stable period of 
tectonic inactivity would favour the retention of pore water 
at depth the accumulated sediments. 
(ii) The Owen Formation may overlie, grade into, or 
represent, metal-rich volcanoclastic sediments the 
Haupiri Group, which have been regarded as source rocks for 
gold and base~metal mineral ation. (Grindley and Wodzicki, 
1960) • 
possible role of these factors as fundamental 
elements of a sedimentary source for ore genesis is examined 
and cussed in Chapters IV and VIII. 
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CHAPTER III 
STRUCTURE 
I. PREVIOUS STRUCTURAL CONCEPTS 
Beneath the base of Beilby Quartzite I s a zone 
pelitic rock which commonly shows evidence of meta-
somatic alteration. Where this alteration is intense, the 
rock has a light, bleached appearance, frequently 'with a 
brown or pink colouration due to ferric weathering products 
or ankerite, but occasionally tinted green by chlorite. 
Seric and ankeritic dolomite are ubiquitous, occasion-
ly to the exclusion of all other minerals, and carbon-
aceous matter is always absent. The name sericite one is 
used in this report, denoting an essentially stratigraphic-
ly controlled zone characterised by this alteration. 
Hector (1888) attributed this zone to a weathered 
surface unconformably overlain by marble, although this 
view was not shared by Park. Williams (1965) interpreted 
early field observations in terms of Grindley's concepts of 
thrusting, suggesting the presence of a low-angle thrust 
plane beneath the marble. This idea again proposed in 
the text of Fyfe's (1968) bul in, where an angular dis-
cordance between the marb and the underlying rocks 
inferred from the following evidence: 
(i) The plane of contact north of Bulmer Creek could 
be projected into marble at the escarpment south-east of 
Mt. Owen. 
(ii) The discordance between dips in the Owen 
Formation (Park's cross section, Figure 1-2), and in the 
marble (Park's measurements near Mt. Owen). 
(iii) 'The boundary between these rocks is such that a 
low angle thrust would produce'. 
(iv) An impression of overthrusting is gained from 
viewing the bluffs beneath escarpment south-east of 
Mt. Owen (Figure 3-1). 
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FIG. 3-1 Bluffs at the head of Byrne Stream, as viewed from a point approx-
imately 200 m east of Trig C. Massive Arthur Marble forms the steep cliffs 
at the skyline, and the summit of Mt. Owen (centre), overlying bedded units 
of the Beilby Quartzite which forms the top of the Owen Formation. The 
boundary between the formations is shown by a dashed line, to the right of 
which the marble appears to be downthrown by faulting. Several small offsets 
are not shown. 
~ 
N 
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II. STRUCTURAL REAPPRAISAL 
(1) Evidence for Stratigraphic Continuity 
The structural interpretation quoted above concludes 
with the remarks; ' ... the evidence for overthrusting is 
admittedly weak and a simpler explanation may be found ... '. 
Little field work is required to show that the evidence 
for overthrusting is largely invalid. Both folding and 
faulting severely limit the orthographic projection of 
measured attitudes. To project the contact plane near 
Bulmer Creek to the scarp at Mt. Owen is to span a distance 
of nearly three km, and from Park's cross-section at the 
Enterprise mine to Mt. Owen is more than 5 km. Over this 
distance the dip of both the marble and the underlying 
rocks becomes shallower to the north, and the units are 
downthrown to the east by steeply dipping faults. Trav-
erses from Owen Formation to Arthur Marble are difficult to 
achieve, but complete sections can be observed in several 
places. Sections across the contact were examined at the 
head of Byrne and Fagan's streams, and above Beilby's 
workings, and an almost complete section above the 
Enterprise mine. In all sections, no evidence of uncon-
formable contact could be found. The Owen Formation becomes 
carbonate-rich near the Beilby Quartzite, which is partly 
intercalated with carbonate beds. The quartzite can be seen 
to grade upward into impure, fissile marble, which in turn 
grades upward into massive marble. 
The sericite zone may represent a horizon of localised 
movements, but is unlikely to locate a major thrust. The 
thickness of the zone varies considerably, as does the 
degree of alteration~ in Fagan's Stream is barely 
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resented, while below Trig C at least 100 m is well defined. 
development of the zone can be correlated with inten-
s ied hydrothermal veining, and both veining and altera-
tion may be related to original permeability and/or compos-
ition, as discussed in Chapters VI and VIII. In Fagan's 
Stream, a sequence of grey-brown dolomit mudstones is seen 
to extend upwards to the siliceous base of the marb ,no 
abrupt lithologic changes being detectable. 
( 2 ) _F ____________ -"'-
(a) Small slump folds in the 
Wangapeka Formation appear to be intraformational features 
related to syndepositional movement. Below Trig EH, some 
small scale, gentle to open folding of the bedding (Fleuty 
classification) about north-south axes is visible. The 
relationship with cleavage is uncertain, but the axes paral 
leI those of the slump folds, and a wet-sediment deformation 
origin may apply. Along Fyfe River, to the west of the 
area mapped, both the Wangapeka Formation and the Arthur 
Marble are known to exhibit close, similar sty folding on 
a scale of less than a metre. The rocks examined in the 
east are, by comparison, undeformed, and gene 
the attitude of the upper contact of the marb 
ly reflect 
(Figure 
3-2). The large-scale structure shown by the upper marble 
horizons north of 
gently folded syncl 
surfaces. 
River is seen to be an upright, 
, revealed by the stripped bedding 
.FIG. 3-2 Upper unit of the Arthur Marble incised by Fyfe 
River to form a steep-sided gorge (right) and overlain by 
Wangapeka Formation, the sequence dipping south-west 
towards Frying Pan Creek (left). The line of contact 
runs approximately along the top of the marble bluffs. 
Tertiary rocks form the slump-scarred hills in the back-
ground. 
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(b) Arthur Marble Formation. Structure within the 
marble is more complex than that seen in other formations. 
Continuous escarpment exposure from the Owen River and 
Bulmer Creek suggests an absence of megascopic folding. 
Traverses through the plateau regions, however, show both 
upright open folds, and tight to isoclinal recumbent folds 
(Figure 3-3). Many of the latter are extremely slender, 
elongate structures, suggesting a soft sediment deformation 
origin, and at least some of the folding may be due to 
gravity-controlled deformation prior to lithification. 
Additional complication is introduced by small scale, intra-
formational, low angle thrusting, which is seen to be 
vertically repetitive. 
Analysis of the deformation within the marble would 
require considerable field work and detailed mapping beyond 
the scope of this project. Field observations of the gross 
structure indicate that, at least in the project area, the 
deformation of the marble is largely internal, and is not 
developed to the same extent within the other formations. 
(c) Owen Formation. Field observations show a consid-
erable range in bedding/cleavage angles, indicating a phase 
of folding which predated or accompanied cleavage formation. 
No fold closures showing a genetic relationship to cleavage 
could be found, except small, irregular folds on a scale of 
less than a metre (Figure 3-4) where the cleavage is axial 
planar. These folds may be parasitic to larger, unrecog-
nised structures. 
Harmonic folding may exist to the east of the Owen 
~-3 Overfold in Arthur Marble, on the western 
)f an anticline 2 km west of Mt. Owen summit. 
)ld is viewed looking north along the axis. 
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'IG. 3-4 Minor folds exposed in Bulmer Creek, near 
:pring Creek. The folds are south-plunging structures 
,ith an axial plane cleavage. 
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River, where traces of gentle folds were seen in outcrops 
on the relatively well-exposed hill opposite the Enterprise 
mine. An attempt was made to measure the orientation of 
this folding by the stereographic plotting of cleavage 
poles (Figure 3-5). The results are inconclusive, due to 
considerable scatter of the plotted points. Shearing 
and brecciation appears to have caused block dislocation 
and rotation effects, possibly in combination with drag 
folding. The spread of cleavage poles indicates folding 
about an axis plunging moderately to the south-west. The 
small number of bedding attitudes also plotted show a 
similar pattern. Some minor ld axes, however, plot to 
the east of south, possibly as a result of earlier folding. 
Measurements from areas separated by large distances show 
little structural relationshipi the proper analysis of 
structure by stereographicmethods can be expected to 
require careful definition of structural domains. 
Variation of deformation style with lithologic character 
and large-scale cleavage refraction may add further compli-
cations. Multiphase deformation, including some post-
cleavage folding, appears to have af the Owen 
Formation, especially in easternmost outcrops. 
(3 ) 
The location of major faults at the margi~s of the 
Paleozoic rocks has been well established by the work of 
Fyfe, and later by Kear (1954), who also projected faults 
seen in the surrounding Tertiary rocks for some distance 
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FIG. 3-5 Stereograph of poles to cleavage and to bedding, 
Owen Formation. points are measured on the hillside east 
of the Owen River, opposite the Enterprise mine, except 
where showri otherwise. Three minor fold axes are also 
shown. See text. 
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into the basement. The Owen Fault, bounding the Paleozoic 
rocks to the south-west, appears to be a single, simple 
displacement (see Map 1). A major displacement is also 
located at the western margin of the Separation Point 
Granite, where a fault zone consisting of several closely 
spaced fault planes is indicated by thin slivers of 
differing metasedimentary and Tertiary rock types near 
Trig CK. Further west, and sub':"'parallel to the faulted 
granite margin, multiple northeast-southwest faulting occurs 
near the contact of the Paleozoic basement with the na;!;,;!;,ow 
strip of Tertiary rocks. Neither the interpretation of 
Henderson and Fyfe (1935), nor that of Kear (1954) is con-
sidered satisfactory for faulting along this zone. The 
major displacement recognised (Map 1) is similar in its 
northern part to Henderson and Fyfe's Bulmer Fault, but 
otherwise follows a course mapped by Kear. The name Baigent 
Fault is considered appropriate. The westward flexure of 
this fault to the south of the area is matched by a sd.:milar 
flexure in the granite boundary fault, possibly indicating 
a 'bulge' in the granite margin at depth. One or more 
faults which appear to diverge from the Baigent Fault to 
trend north-west, produce a major downthrow of the Arthur 
I 
Marble north of Byrne Stream. This downthrow is reflected 
on a small scale by numerous faults cutting the marble north 
of Trig C. These faults show little vertical displacement, 
but juxtapose bedding of different attitudes. This may be 
due to rotational movements, or more probably, horizontal 
movement within gently folded bedding. A prominent fault 
breccia is developed by one such fault in the base of the 
cliffs immediately south of Trig C, where the fault plane 
descends from the quartzite into the more easily fractured 
sericite zone (Figure 3-6). 
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The time, and order, of displacement on the faults is 
uncertain. Rear's work indicates considerable movement on 
some of the major faults during Tertiary time. All major 
faults die out northwards, reflecting the major downwarping 
of the tectonically active Tertiary basin to the south-west 
of the area. 
Additional, unmapped faults are suspected from breccia 
zones, erosion features, and indications of repetition of 
units. This applies especially to the section exposed in 
the Owen River north of Bulmer Creek, where numerous shear 
zones cut a dark, siliceous carbonate which is probably a 
continuation of the Enterprise Dolomite. Bedding in this 
area strikes parallel to the trend of the faulting pattern, 
which obscures any fault displacements which may occur. 
Displaced blocks of Paleozoic strata exist below 
Trig PH and Trig C, but some doubt remains as to whether 
these represent fault blocks or large-scale slumping. The 
block below Trig PH, which consists of marble with underly-
ing quartzites and mudstones, is bounded by breccia zones 
and is considered to be emplaced by complex faulting, 
although this is difficult to prove from field evidence. 
The smaller block of displaced marble at Trig C is probably 
slumped. 
FIG. 3-6 Fault breccia developed at the base of the 
Beilby quartzite, approximately 100 m south of Trig C. 
Vertical displacement does not exceed 50 m. 
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(4) Cleavage and Metamorphism 
The Wangapeka Formation exhibits a single slaty cleav-
age, with an associated simple flattening shown by graptol-
ite distortion and pyrite cube pressure fringes (Chapter IV). 
Some shear movements are suggested by slight cleavage re-
fraction and pyrite brecciation. Rarely, this c avage is 
seen to be overprinted by a weak fracture cleavage with 
quartz infillings. The slaty cleavage is prominent in 
massive mudstones, commonly forming an angle of less than 
20° with bedding, but is present as a bedding cleavage in 
the shales. Sandstone units show no cleavage. 
Cleavage within the Arthur Marble is not well ined. 
Rare remnants of bedding show evidence of transposition and 
flowage, but in general the unit must be considered massive 
and uncleaved. 
Cleavage is commonly observed throughout the Owen 
Formation, but bedding in this unit often obscured, 
especially in pelitic lithologies. Bedding in sandstone 
units is usually well preserved, and can be traced in 
carbonate lithologies by fragments of transposed laminae or 
pyrrhotite knots stratiform pyrite. In most litholo-
gies the cleavage accompanied by a bedding foliation, the 
combination of these structures causing a pronounced, pene-
trative lineation, which commonly destroys all traces of 
both planar structures in pelitic units. The lineation 
structure is extremely well developed in siliceous carbonate 
at the base of the Beilby Quartzite, where a 'molar tooth' 
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pattern is displayed in sections perpendicular to the 
lineation (Figure 3-7). Silty laminae show a 'pencil' 
structure, forming sub-circular rods. The bedding is 
generally disrupted; muddy laminae have flowed around the 
rods, and are streaked into thin, exaggerated flame struc-
tures. The 'molar tooth' structures are not known from 
other horizons within the formation, but the lineation is 
often visible, forming pencil-like fragments at shattered 
outcrops. 
Specimens of Owen Formation which retain bedding lam-
ination show a simple, penetrative strain-slip cleavage 
(Figure 3-8), occasionally with evidence of shear as shown 
by cleavage refraction (Figure 3 9). A pebble of phyllite 
shows an earlier schistosity enclosed in porphyroblastic 
quartz-chlorite knots (Figure 3-10), about which the 
dominant, later cleavage can be seen as a crenulation cleav-
age. An older schistosity was also revealed by porphyro-
blastic chloritoid from phyllite near Trig GC. The clori-
toid (discussed in Chapter VII) predates the cleavage and 
preserves the earlier structure in helicitic textures and 
by a weak preferred orientation (Figure 3-11). Careful 
examination of some phyllitic carbonates showed traces of 
an earlier schistosity in pressure shadows about pyrrhotite 
knots (Figure 3-12). 
The lowermost units of the Owen Formation contain rare 
examples of pre-cleavage quartz veining. Thin veins occur 
with a marked crenulation due to shortening (Figure 3-13), 
FIG. 3-7 'Molar tooth' lineation structures in an impure, 
siliceous dolomite. The structures are commonly seen in 
situ at the base of the Beilby Quartzite, but are more 
clearly seen in partly weathered stream boulders, an 
example of which is shown cut perpendicular to the linea-
tion. UC8875 
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'IG. 3-8 Strain-slip cleavage in a silty lithology of 
:he Owen Formation. 
~ thin section, ppl. x5 UC8876 
IG. 3-9 Cleavage in impure Enterprise Dolomite, 
howing refraction. 
thin section, ppl. x5 UC8877 
Both specimens cut from stream boulders) 
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FIG. 3-10 Strain-slip cleavage traces deflecting around 
quartz-chlorite porphyroblastswhich enclose an older 
foliation. A thin quartz veinlet, originally sub-parallel 
to the earlier foliation has been crenulated, and trans-
posed by shear. 
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Specimen cut from a stream pebble, probably from the lower 
Owen Formation. 
A thin section, ppl. x5 UC8880 
FIG. 3-11 Chloritoid in schistose material from near 
Trig GC. UC8881 
Upper: A chloritoid lath (circled), fractured and offset 
by cleavage. Syntectonic metamorphism has caused partial 
replacement of the chloritoid at the fractures. The 
groundmass is principally sericite and quartz, and the 
clear spots are voids produced by the weathering out of a 
constituent which was probably a carbonate. 
A thin section, ppl. x50 
Lower: A chloritoid lath and intergrown muscovite aligned 
with a foliation which predates cleavage. 
A thin section, xpl. x50 
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FIG. 3-12 Enterprise Dolomite, showing traces of an 
early foliation preserved in the pressure shadow of a 
pyrrhotite bleb, and surrounded by a later cleavage. 
A thin section, ppl. x20 UC8879 
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and dilation fractures due to extension (Figure 3-14). In 
addition, the quartz-chlorite porphyroblastic pebble shows 
a crenul 
lel to the 
veinlet l originally infilling a fracture paral-
ier schistosity. This evidence suggests that 
the overprinted foliation marks an earlier cleavage 
(Figure 3-10). 
The metamorphic alteration of the Wangapeka Formation 
and Arthur Marble in terms of mineralogical change negli-
gible. A simple metamorphic assemblage in the Owen 
Formation (discussed in Chapter VI) indicates lower green-
schist facies thermal metamorphism. Biotite is restricted 
to rocks east of the Enterprise Dolomite, and chloritoid is 
found only in a narrow north-south zone near Trig GC. Meta-
morphic chlorite is also present, but is accompanied by 
chlorite from hydrothermal alteration in the more permeable 
units. Pyrrhotite is also a product metamorphism, and is 
found throughout the formation up to the base of the Beilby 
Quartzite. The formation of pyrrhotite is known from 
assemblages of .both regional metamorphism (Carpenter, 1974), 
and contact aureo (Neumann, 1950). Only two phases of 
metamorphism can be recognised at Mt. Owen; an early one, 
resulting in the formation of chloritoid, chlorite, and 
possibly biotite, and a later syntectonic event creating 
cleavage. It is difficult to establi from which 
phase the pyrrhotite dates. Pyrrhotite forms streaks 
aligned parallel to the cleavage, but as this mineral is 
easily deformed, it may have predated cleavage. 
FIG. 3-13 A veinlet seen near Trig GC, crenulated by 
deformation accompanying cleavage formation. Considerable 
shortening in the plane of the vein is indicated. 
FIG. 3-14 Fracturing at the margin of a vein such as 
described above (Figure 3-13), reveals extension fractures 
oriented perpendicular to the crenulation lineations. 
A stream boulder, UC8878 
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(5) Relation to Regional Metamorphic and Tectonic 
EVents 
The metamorphism affecting the sediments at Mt. Owen 
appears to be due to contact effects from the nearby 
Separation Point Granite. This is suggested by the rapid 
decrease in metamorphic grade, both westward and upward 
through the succession. The occurrence of chloritoid may 
be compared with occurrences reported by Grindley (1971) 
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from areas of Rangitatan thermal metamorphism near intrusive 
plutons to the north. He also reports that the metamorphic 
mineral growth proceeds mimetically on older S-surfaces 
developed in the Tuhuan orogeny, the Rangitatan cleavage 
being limited to non-penetrative strain-slip structures. 
Cleavage in the Owen Formation appears to have a strain-
slip origin, but is sufficiently well developed to be pene-
trative and obliterate an earlier foliation. As no more 
recent cleavage is known, the cleavage in the Owen Formation 
probably represents Grindley's (1971) 'Third .Mdvement Phase
'
, 
which is defined as accompanying post-intrusive Rangitatan 
deformation and chlorite-zone retrograde metamorphism. It::is 
difficult to interpret the 'molar tooth' structures of the 
Owen Formation except in terms of upward fluid flow. A 
water-escape process is suggested by the apparent hydro-
plastic behaviour, and by comparison with similar structures 
previously described by Braddock (1970) and Clark (1970). 
The time of formation of the structures in the Owen rocks 
remains in doubt. The lineation is clearly a result of the 
intersection of a penetrative cleavage with bedding, but the 
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delay of water escape until mid-Cretaceous time is diffi-
cult to envisage, even if the Arthur Marble acted as a 
permeability barrier. A number of possible interpretations 
must be considered, as lows: 
(i) Cleavage as defined by 'molar tooth' structures 
represents a Tuhuan water-escape event, and is neither 
related to, nor overprinted by, the cleavage in the remain-
der of the formation. 
(ii) The situation represented in (i) above, but with 
reactivation of the Tuhuan cleavage by Rangitatan movement. 
(iii) The 'molar tooth' structures represent Rangitatan 
water-escape, and are directly related to the cleavage 
throughout the remainder of the Owen Formation. 
(iv) The structures represent Rangitatan cleavage form-
ation by a mechanism other than water-escape, but modified 
by subsequent fluid flow processes. 
Much of the evidence presented above suggests that 
significant differences may exist between the tectonic-
metamorphic history of the Mt. Owen area and that of other 
Eastern Belt sediments further north interpreted by 
Grindley (1971). These differences may arise from two 
causes: ~he Owen area is geographically remote from the 
areas investigated by Grindley, and may have escaped major 
Tuhuan diastrophism by being to the south of the area sub-
ject to overthrusting. Secondly, the Mt. Owen area is in 
close proximity to the flank of the Separation Point 
Granite, which appears to have controlled the Rangitatan 
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deformation in this zone. No structural equivalent the 
Owen Formation is known, except for highly metamorphosed 
schists where much of the tectonic record has been oblit-
erated. 
The inferred metamorphic-tectonic sequence for the 
Owen rocks can thus be summarised as follows: 
Event 
Syntaphral slumping 
and folding 
Folding and shearing in Arthur 
Marble (and Owen Formation?) 
Early cleavage (bedding?) ~ 
Contact metamorphism 
Minor quartz veining 
Crenulation cleavage, followed 
by mimetic mineral growth 
Shearing and principal vein formation 
Further shearing, brecciation, J 
minor folding 
Major faulting 
Time 
Syndepositional 
Tuhuan Orogeny 
Rangitatan 
Orogeny 
Tertiary 
( 6 ) Structural Vein Location 
The distribution of veins in the Owen area can be 
simply demonstrated by a composite map of mining leases 
(Map 2), from which it is seen that the gold-mining leases 
are almost completely restricted to the Owen Formation. 
Sparse veins in the Wangapeka Formation near the mouth of 
Frying Pan Creek were prospected with poor results, and 
later abandoned and taken over by silver prospectors. The 
~einS in this locality show little relationship to struc-
ture, and to some extent are tensional features, possibly 
caused by differential strain near the contact with the 
underlying marble. 
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In the text of Fyfe's (1968) bulletin, the concentra-
tion of veins within the Bulmer Creek group of leases is 
noted, and correlated with a possible 'syncline crest'*. 
This structure cannot be confirmed, nor can any major 
tectonic structure be related to vein ,distribution. Field 
observation shows almost all veins in the Owen Formation to 
occupy shear zones paral I or sub-parallel to bedding, and 
to be located between the Enterprise Dolomite and the 
Beilby Quartzite. The sericite zone is commonly veined, 
and possibly hosts the major vein systems at the Enterprise 
and Uno leases, where widespread alteration can be seen. 
In each case, it is not clear whether the sericite zone 
.represented as a downfaul ted block, or merely by local 
downward extension of the zone around fractures locating 
the major veins. The sericitic country rock at th~ 
Enterprise lease is stratigraphically too low to represent 
the zone,' but together with the Zealandia lease, may be 
part of a downthrown fault block associated with the dis 
placed strata below Trig PH. A vertical fault known 
immediately east of the Enterprise mine, and the interpret-
ation of downfaulting is selected as the most probable. 
*trough7} axis? 
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The Bulmer Creek group veins may also be similarly down-
faulted, with a probable major displacement in Uno Creek. 
Veins prospected below the Enterprise Dolomite show little 
or no sericitic alteration of the wall rocks, and usually 
contain poor gold values. An exception is the Golden 
Crown lease where good prospects were obtained from a 
large vein, apparently very low in the stratigraphic 
succession. 
The base metal occurrences show definite lithologic 
control by the Arthur Marble, the mine ization being 
located near the base of, or within, this unit (see 
Chapter V) . 
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CHAPTER IV 
DISSEMINATED MINERALIZATION 
The Paleozoic rocks at Mt. Owen contain a complex suite 
ofautnigenic, disseminated metalliferous minerals. These 
minerals were investigated to determine any relationship to 
the origin and formation of the vein-associated minerals 
(Chapter V). The term ation is used in a broad 
sense to include disseminated minerals occurring in low con-
centration. The minerals are principally iron sulphides; 
all other metalliferous sulphides, i.e. those of economic 
interest, are described as ore 
-------
ore sulphides, and 
where applicable, foreign sulphides. 
I. WANGAPEKA FORMATION 
The only major disseminated mineral ation within the 
Wangapeka Formation is pyrite, which occurs abundantly in a 
typical 'blackshale
' 
situation, as described in Chapter II. 
Stratiform pyrite concentrations, with individual cubes 
ranging up to 10 mm in si2E are common. The atures 
exhibited by these crystals provide information on the dia-
genetic and deformational events during, and after, pyrite 
growth. 
(1) Pyrite Morpnplogy 
Two remarkable specimens, illustrated in Figures 4-1 
and 4 , are of particular interest. The first is a 5 mm 
pyrite cube in a partly weathered, interlaminated dhrk car-
bonaceous mudstone (Ishale l ) and quartz-rich siltstone 
(Figure 4-1). A sawcu t section shows par tial oxidation in 
zones, pseudomorphing continuations of the shale laminae 
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through most of the crystal. The preservation of fine sedi-
mentary tail indicates replacement of the host sediment by 
pyrite, without discernible disturbance of the surrounding 
sediment. The pseudomorphed lamination revealed in the 
pyrite lacks the deformation of the surrounding host rock, 
where the laminations show thickness variation, flame 
structures, and a small-scale warping attributed to a phase 
of hydroplastic deformation. The thickness of the pseudo-
morphed laminae is not measurably different from the sedi-
ment laminae immediately beyond the cube margins, indicating 
that crystal growth was substantially post-compactional. 
Preferential oxidation of the replaced shale laminae may be 
due to the inclusion of platy grains from the host sediment, 
creating an incip t permeability during weathering. 
Alternatively, a slight compositional var tion inherited 
from the replaced sediment may exist. Ramdohr (1969) lists 
various causes for zoning in pyrite, but no significant 
investigation of this subject has been made. The writer can 
find no previous report of matrix replacement structures 
within pyrite crystals. 
Superimposed on the lamination in the cube is a poorly 
defined concentric 'Zoning, also shown by a variation in 
oxidation. The outermost zone consists of a thin, oxidation 
reSistant rim which is not traversed by the lamination 
pseudomorph ~ones. Other pyrite crystals, when examined in 
polished section, showed this rim as a d inct ~ne of 
coarse anhedral inclusions of non-reflective material, 
weakly aligned parallel to the crystal margins (Figure 
4-3). Most cubes also showed a high density of inclusions' 
at the crystal centres. 
The second notable hand specimen that shown in 
Figure 4-2. Within the bedding of a quartzite, moulds of 
pyrite crystals are preserved that show evidence of a com-
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plex growth pattern. Lithification appears to have arrested 
growth in the quartzite, but 'epitaxial overgrowth' con-
tinued at, and possibly above, an interface with a mud layer 
, 
which has been weathered away. 
FIG. 4-1 A pyrite crystal in interlaminated siltstone 
and mudstone of the Wangapeka Formation, south of Fyfe 
River. Partial oxidation of the pyrite reveals perfect 
replacement of the sedimentary laminations. Weak concen-
tric zoning is a l so visible. Refer to text for dis-
cussion. A sawcut slab, x 4 UC8866 
o 2 
I I 
Centimeters 
FIG. 4-2 A weathered bedding surface of quartzite from 
the Wangapeka Formation. Pyrite crystals grown at a mud-
sand interface have undergone 'epitaxial overgrowth' in 
the less competent lithology. The structures are inter-
preted as indicating arrested pyrite growth due tu 
lithification of the sandstone. See Figure 4-9. UC8867 
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.Cessation of growth of all pyrite was possibby caused 
by the commencement of a period of deformation within the 
host rock, which resulted in rotation and brecciation of 
the crystals. The resulting stress inhomogeneity at the 
pyrite margins has produced quartz 'jackets' or pressure 
fringes (redefined, Spry 1969). The nature and extent of 
the pressure fringe reflects the competence of the host 
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lith9 logy. This relationship is demonstrated by the features 
of three pyrite crystals, each from a different lithology 
within a single hand specimen (Figures 4 4, 4-5b, 4-6a). 
All sections were cut perpendicular to bedding, and at a high 
angle to cleavage. 
Pyrite from quartzite (Figure 4-4) shows little or no 
post-growth modification, including quart~ jacketing. The 
example from muddy sandstone (Figure 5b) shows a well 
defined, simple pressure fringe, with slight rotation. 
Pressure-solution effects are visible, forming irregular, 
corroded surfaces on the pyrite approximately parallel to 
the cleavage in the sandstone. The 90° angular separation 
of the pressure fringe and the pressure-solution zones is 
well shown. 
The third example (Figure 4-6a) consists of a polished 
section of pyrite in carbonaceous mudstone, the least com-
petent lithology_ Pressure fringes are well developed, and 
some solutions effects are visible. Also within mudstone 
are found pyrite crystals showing irregular and assymetrical 
fringe growth, fringe dislocation, and pyrite brecciation 
(Figure 4-Sa), reflecting shear stress during growth of the 
quartz fringes. Corrosion of pyrite has taken place at 
more than one set of surfaces, resulting in very anhedral 
grain shapes. 
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FIG. 4-3 Pyrite in siltstone, Wangapeka Formation, in 
polished section. An inclusion-rich outer zone is inter-
preted as a late growth phase. 
ppl. x40 UC8872 
FIG. 4-4 Two-stage pyrite growth revealed in a hematite 
pseudomorph in weathered quartzite. Quartz jacketing and 
retrograde effects are negligible, apparently due to the 
competent nature of the lithology. 
Thin section, ppl. x70 UC8869 
FIG. 4-5 Quartz 'jackets' developed on pyrite cubes, 
Wangapeka Formation. Pressure-solution effects are 
visible, and in (b) show an angular relationship with the 
pressure fringes which suggests that the two effects 
arise from a common stress situation. 
(a), ~pper: Mudstone. 
Polished section, ppl. x64 UC8870 
(b) I Lower: Sandstone. 
Thin section, partly xpl. x175 UC8868 
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(2) Inclusions within Pyrite 
Reflection microscopy reveals some interesting aspects 
regarding the distribution and composition of inclusions 
within the pyrite crystals. As described above, inclusions 
broadly define two concentric zones. The outer, or 'rim', 
~ne is characterised by angular inclusions of both quartz 
and a nonreflective material which is probably carbon. This 
zon~ is often poorly developed, or absent as in Figure 
4-6a. In contrast, the central (or 'core') zone could be 
recognised in every example. The inclusions of the core 
consist of rounded to euhedral blebs quartz and foreign 
sulphides (Figures 4-6, 4-7). Of the latter, sphalerite and 
chalcopyrite are most common, but other mineral phases are 
present, tetrahedrite and pyrrhotite being tentatively iden-
tified. Figure 4-6b shows an unidentified phase coexisting 
with sphalerite. Inclusions within the core tend to show 
equilibrium textures, the quartz occasionally forming per-
fect euhedra (Figure 4-7a). The small size of the 
inclusions made identification difficult, and in many cases 
impossible; the application of electron probe microanalysis 
may be of great value in this respect, but such analysis was 
not attempted. 
The following consistent observations concerning foreign 
sulphide inclusions were noted: 
(i) Inclusions are characteristic of the core, but are 
not restricted to this zone . 
(ii) The sulphide inclusions in the core are predomin-
antly chalcopyrite; those beyond the core are predominantly 
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sphalerite. 
(iii) The small pyrite crystals within massive mudstone are 
noticeably more inclusion-rich than the larger crystals 
within the coarser litholog s. 
(iv) Inclusion composition for the mudstone pyrite favoured 
chalcopyrite, with sphalerite being the more common in 
pyrite from the coarser lithologies. 
(v) Both the inclusion/host abundance ratio, and the chal-
copyrite/sphalerite ratio appeared to vary from one lamina-
tion to another, as seen within single polished sections. 
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FIG. 4-6 Sulphide inclusions in pyrite. UC8870 
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(a), Upper: Pyrite in polished section, showing a central 
core of foreign sulphide blebs (indicated). Other, ran-
domly distributed inclusions are quartz. Pressure fringe 
growth and corrosion of the host crystal are evident. 
pplr x130. 
(b), Lower: Central inclusion zone in a pyrite crystal 
(detai~ Rounded blebs of quartz, chalcopyrite, and 
sphalerite arB identified. The sphalerite is host to an 
unidentified mineral of low reflectance, possibly zincite. 
Polished section, ppl, oil. x1600 
r;p, cIlb.lcoJ.jyrite , .Jp; sphalerite, 'L ; ~u<...rtz 
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FIG. 4-7 Inclusions showing euhedral sections. UC8870. 
(a), Q.pper: Quartz inclusion showing hexagonal section. 
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(b), Lower: Euhedral pyrrhotite and anhedral' chalcopyrite. 
These minerals, being of very similar hardness and reflect-
ance, appear almost identical with monochrome photography. 
They can be readily distinguished under the microscope by 
means of colour and optical properties. 
Polished sections, ppl, oil. x640 
!-; tlY ite , 1-'0 ; l"yrraoLiLe 
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(3) Retrog<r'ade Effects 
Both during and after the formation of the quartz 
pressure fringes, the pyrite crystals underwent retrograde 
modifications. The most prominent physical modifications 
comprise fracturing and brecciation, which is developed to 
the greatest extent in the mudstones and siltstones. These 
effects are therefore related to lithologic competence, as 
are the pressure fringes described above. The elongation of 
'knots· comprising pyrite crystal clusters or fragments of 
brecciated pyrite crystals reflects the extension paral I 
to the plane tectonic cleavage. The effect of shear is 
also evident where extreme brecciation and displacement of 
pyrite fragments has occurred. Numerous examples of multi-
ple inge growth and fringe dislocation (Figure 4-5) 
suggest that several movements have been induced by a 
changing stress f ld during sediment deformation. 
Geochemic modifications have also occurred, by pyrite 
dissolution (or 'corrosion'), and replacement. These 
effects are clearly related to the deformation, either as 
direct pressure-solution (Figure 4-5), or by replacement of 
pyrite by quartz along fractures. This replacement did not 
develop uniformly, but produced a 'patchy' texture, 
occasionally showing some control by the weak pyrite {OOll 
cleavage. Fracturing and replacement has produced some 
examples of < :redistribution of foreign sulphides (Figure 
4-8), but there is no evidence of the introduction of fresh 
sulphide from outside the crystals. Furthermore, the geo-
chemical system at the time of replacement appears to have 
been buffered against the dissolution of the other sul-
phides, a phenomenon frequently observed in sulphide 
systems and adequately explained in terms of solubility 
and reaction equilibria. Within the mUdstone horizons/ 
there are abundant examples of total dissolution of pyrite 
crystals, leaving a quartz bleb the contracted and re-
crystallized pressure fringe containing a smaller bleb 
of coalesced foreign sulphide (Figure 4-8). 
81 
.. 
• 
• 
" 
. 
~. r 
{ . 
• ! . ' • • 
-' 
, 
.. 
, ~ ". 
~ 
.I 
"j 
., 
. , 
t ' . 
~ 
/ ' -
. :'" 
\ ' f • • 
, . r 
. 
• t ' 
. :~ 
FIG. 4-8 Retrograde effects on pyrite crystals. 
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(a), ~£~r: Brecciation, resulting in partial replacement 
of pyr ite by quartz and redistribution of foreign sulphide 
inclusions. UC8868 
(b) ', Lower: Solution of pyrite. In this example, total 
loss of pyrite has taken p l ace, leaving the coalesced and 
recrystallized pressure fringe. The chalcopyrite inclu-
sions remain as a single bleb enclosed by the quartz. 
Sphalerite remnants are less cornmon, and therefore may have 
been less stable in conditions which caused pyrite corros-
ion. ue887 0 
Polished sections, ppl. x250 
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( 4) Growth History 
The morphology and structure of the pyrite crystals 
indicates a two-stage development. The first commences 
with the core and is followed by a period of relatively 
stable, uniform growth by perfect replacement of the sur-
rounding sediment. There is no evidence of disturbance of 
the sedimentary laminae by crystallization forces. Re-
placement textures indicate the crystals to be substan-
tially post-compactional in origin. Similarly, the concen-
tric growth zoning shows a history of isomorphous growth 
from a cube form established when the crystals were less 
than 20% of their final size. 
A separate and later growth phase is indicated by the 
sharply 'stepped' crystals which occupied the moulds of the 
hand specimen shown in Figure 4 2. The inclusion-rich rims 
recognised in polished section are probably related to the 
same late growth period, but as none of the • stepped' 
crystals remain, this association is unprovable. Replace-
ment evidence shows all the pyrite - with the possible 
exception of the outermost rim - to predate the deformation 
of the host sedimentary laminae. This deformation ulti-
mately caused the development of pressure fringes, breccia-
tion, and in some cases corrosion of the pyrite. Figure 
4-9 summarises the growth history, as reconstructed for the 
specimens of Figures 4-1 and 4-2. 
Although the occurrence of pyrite in sediments has 
been the subject of considerable study and experimentation, 
very little has been published regarding the growth of 
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coarse.crystalline pyrite, and even less regarding inclu-
sions in pyrite. The very earliest stage of growth is 
represented by the core zone. Evidence already presented 
indicates that if any pre-compactional nucleus existed, it 
was very small in relation to the final crystal dimensions. 
This concept must be reconciled with the evidence from the 
cores, which suggests a rapid accumulation of a micro-
crystalline or amorphous mass of sulphide which crystal-
lizedsufficiently ra~idly to prevent alignment, expulsion, 
or further coalescence of the included material. 
{i) Cubic growth by replacement of surrounding sediment. 
, " . . 
. . 
'" ' 
(ii) Inclusion-rich rims; imperfect replacement. 
-. . . 
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'(iii) Deformational effects. Tectonic rotation, fracturing, 
replacement, and quartz jacketing. 
I' /' 
.", - ....... J - _ .. .,. 
. ~ 
.~ • # # ,. ~ , 
sandstone, Siltstone. 
Carbonaceous mudstone ('black shale'). ' , 
Pyrite replacing mudstone 
FIG. 4-9 Stages of pyrite growth and modification in 
laminated shales of the Wangapeka Formation, as exemplified 
by the specimens UC8866 (right) and UC8867 (left). See also 
Figures 4-1, 4-2. 
Much has been written on the formation of fine sedi-
mentary pyrite as a diagenetic mineral. Berner (1970) 
§urnrnarises this work and shows that the pyrite forming in 
the uppermost surface layers of modern carbonaceous sedi-
ments develops by reaction of metastable, intermediate 
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iron monosulphide species with elemental sulphur. As ,this 
sulphur is produced by the oxidation of hydrogen sulphide, 
the reaction is unlikely to persist at depth. It is con-
ceivable that the core materia~ of the Wangapeka Formation 
pyrite accumulated as a sulphide gel, during or immediately 
following a monosulphide stage. Non-iron sulphides could 
be included due to co-precipitation phenomena. The possible 
presence of pyrrhotite (Figure 4-6) may represent a relict 
mineral from this early, sulphur-deficient phase. 
The only previous report of primary sulphide inclusions 
in pyrite known to the writer is that of Arnold eta alb 
(1973). This work includes a description of coarse crystal~ 
line pyrite in sandstone of the famous Almaden mercury 
locality in Spain. Pyrrhotite and cinnibar inclusions are 
located in the pyrite 'nuclei', having been trapped during 
early growth. The included sulphides were considered to 
have precipitated and coexisted in equilibrium with the 
pyrite, but the chemistry of the process was not discussed. 
Without further investigation, the exact origin of the 
cores in the vlangapeka Formation pyrite must remain uncer-
tain. Whether development commenced with a monosulphide 
phase, or by simple precipitation of disulphide, or by 
some combination of the two processes cannot be established 
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on the evidence to hand. 
The stage of uniform cubic crystal growth is more 
easily understood. The cubes developed by replacement 
during an episode which was substantially post-compactional, 
but preceding a phase of movement which resulted in a 
plastic deformation of the sediment. Hydroplastic deforma-
tion structures within the mudstone horizons suggest that 
the retained water content was high. A concentric zonation 
within the cubes (from an unknown cause) indicates fluctua-
tions in the physical or chemical environment. Growth of 
this major part of the pyrite crystals almost certainly 
took place below the zone of oxidation where sulphurization 
transitions might occur, and probably proceeded by direct 
migration of near stoichiometric FeS 2 solutions. The 
sparsity of inclusions between the core and rim zones may 
represent contributions by factors such as extremely slow 
and stable growth, elevated temperatures, and highly 
favourable replacement conditions. at the active crystal 
margins. The fact that no 'rejected' material accumulated 
at the margins supports the latter possibility. The 
presence of many, comparatively large, pyrite crystals 
within thin sandstone laminae requires a situation of sig-
nificant sulphide mobility via solution transport. Such a 
situation would be consistent with 'wet' sediments, 
especially if a flow was provided by slow and continuous 
expulsion of water. A late, accelerated phase of dewater-
ing accompanying initial sediment deformation could be 
expected to produce the inclusion-rich rims. 
88 
Many features relate pyrite crystal growth to perme-
ability. The greater cube growth in the sand and silt 
horizons compared to that of the mudstone, and the higher 
core/crystal ratio in the mudstone pyrite both suggest that 
the post-core growth was dominant in the coarser sediment. 
Initially, the mudstone'would have the lesser permeability, 
but would supply the bulk of the water, which on compac-
tion would migrate along the coa~ser grained laminae. 
Advancing cementation in the sandstone appears to have 
arrested pyrite growth. The 'stepped' crystals of the 
sample shown in Figure 4-2 indicate that for a period there 
existed an unusual situation wherein the permeability of 
some sandstone beds was reduced to less than that of the 
adjacent mudstone laminae (see Figure 4-9). This condition 
would result in an immense increase in local pressure 
gradients acting on any remaining fluid in the mudstone, 
with a resulting increase in fluid flow in this material, 
although the absolute permeability would remain low. 
An alternative explanation lies in the assumption that 
inter-layer movements maintained horizons of high perme-
ability in thin mudstone laminae. Strain at such litho-
logic discontinuities is expected, and certainly took place 
during later times as shown by the brecciation and disturb-
ance of pyrite crystals. The one objection to movement-
induced permeability is the lack of evidence of disturbance 
to the growing pyrite, the moulds of which show perfect 
symmetry. 
From whatever cause, permeability rather than sediment 
composition appears to be the dominant control on pyrite 
growth, by limiting the availability of pore fluid which 
presumably transported the sulphide constituents to the 
growing cubes. Compaction-expelled pore water as an agent 
of ore mineral transport has been accepted by a number of 
authors, notably Noble (1963) and Stanton (1972). 
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Advancing deformation halted pyrite growth, and stress 
inhomogeneity at the margins of the rigid cubes resulted in 
the quartz pressure fringes. A marked change in chemical 
conditions at, or immediately following this time 
apparent, as pyrite has become unstable, suffering 'cor-
rosion' at the points of maximum compression. Movement, 
particularly within the more plastic mudstone laminae, 
caused severe brecciation of pyrite. 
If the pyrite crystal growth can be related to a time 
of post-compactional high permeability, this growth must be 
considered diagenetic. The transition from diagenetic 
effects to metamorphic effects is difficult to define, 
being gradational. In this case, the change may be marked 
by the onset of deformation and the cessation of pyrite 
growth. 
(5) Significance· to Concepts o'f Ore Genesis 
A number of aspects relevant to ore genesis may be 
recognised in this study of pyrite. Although fluid trans-
port of sulphide in permeable sediments appears to be the 
probable cause of crystal growth, some consideration should 
be given to the source of the pyrite components. The wide-
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spread and intimate distribution of the crystals within 
the sediment is evidence for an internal source; that is, 
the sulphide was derived from the host sediment. Major 
growth of the crystals probably took place during con-
ditions of late diagenesis rather than metamorphism, with 
no evidence of any significant breakdown of iron-bearing 
minerals. Furthermore, the sulphur source must be identi-
fied. 
The pyrite was seen to occur in two forms. The 
relatively large, cubic crystals are concentrated in the 
sand and s t laminae, as described. In addition, the 
muddy laminae contain very abundant, fine-grained pyrite, 
ranging in size from ca. 50~ to less than l~. Some of the 
largest grains this fine material show pyritohedral 
form, but most exist as polycrystalline aggregates. The 
smallest grains show a framboidal texture (Figure 4-10), 
indicating that this fine-grained pyrite is of syngenetic 
or early diagenetic originffiove 1964, 1967). 
This line reasoning provides grounds for the post-
ulate that the coarse crystalline pyrite grew by a simple 
redistribution of existing pyritic material. Fine 
boidal and polycrystalline pyrite may have become unstable 
during late diagenesis, going into solution when individual 
grains were highly stressed. Thus pressure-solution 
effects could provide the driving force for continuous 
crystal growth, by yielding a slow and constant supply of 
sulphide, sufficient to saturate the fluid system with 
FIG. 4-10 Framboidal pyrite visible within recrystal-
lized quartz in silty mudstone, Wangapeka Formation. 
The framboid is approximately 4 u in diameter. 
Polished section, partly xpl, oil. x2500 UC8870 
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f~spect to FeS 2 " Framboidal pyrite survives in the mud-
stone laminae, where intergranular stresses would be mini-
maL 
. The significance of the foreign sulphide inclusions 
worthy of further discussion. These sulphide blebs 
appear to be associated only with the cube cores, and as 
suggested, may represent a component of primitive sulphide 
masses. The apparent association of consistent Cu/Zn 
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ratios of included sulphide with individual sedimentary 
horizons indicatep a syndepositional origin. Carbonaceous 
Inudstones, and particularly 'black shales' are known to 
have a high ore metal content (Vine and Tourtelot 1970), 
.which may arise from complementary processes of sedimentary 
precipitation and ,absorption as discussed by Bernard (1964). 
The formation of,the sulphide inclusions comprises a small 
scale, primary concentration of ore minerals, which could 
readily become available for transport and further concen-
tration in the event of a later metamorphic or metasomatic 
episode. For the rocks of the Wangapeka Formation under 
discussion, host crystal retrograde effects have not pro-
ceeded far enough to significantly remobilize these 
sulphides. Remnant foreign sulphide persisting after com-
plete solution of the host (Figure 4-8) suggests that the 
chemical system may be 'buffered' against mobilization of 
some ore minerals while sufficient pyrite remains. Such 
concepts of mineral stability and transport are well known 
from studies of the converse situation, where ore sulphides 
are deposited from incoming solutions by replacement of 
stratiform pyrite, in both diagenetic and metamorphic 
environments. 
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II. ARTHUR MARBLE FORMATION 
Disseminated mineralization within the Arthur Marble 
is almost non-existent. Apart from alteration zones at the 
margins of the intruding dikes and sills, only rare fine-
grained pyrite'is detectable in hand specimens. Most 
samples, however, when dissolved in acid yield a small 
amount of minute pyrite aggregates in the residues. These 
aggregates vary from irregular to framboidal shapes, made 
up of many smail pyritohedral grains (see Figure 4-11). 
Similar residues from the marble remnant at the granite 
margin near Trig CK yielded small euhedral grains of both 
pyrite and monoclinic pyrrhotite, identified by X-ray dif-
fraction. 
The low sulphide content of the marble contrasts 
sharply with that of the nearby 'black shale' lithologies. 
Sulphide mobility in the marble appears to be very low; 
, 
the survival 9f polygranular pypite aggregates may be 
attributed to a lack of fluid-controlled processes, in 
response to a rapid and extreme, reduction in permeability 
on burial. Additionally, the effect of intergranular 
stress would be small in comparison to that in the non-
carbonate units. The pyrrhotite from marble near Trig CK 
is almost certainly a product of thermal alteration of 
pyrite, accompanied by recrystallization to euhedra. 
FIG. 4-11 Pyrite aggregates from Arthur Marble, obtained 
from acid-insoluble residues. Photographed with the 
scanning electron microscope. 
Upper: x150 
Lower: Surface detail, x750 
95 
96 
III. OWEN FORMATION 
This formation has undergone the greatest metamorphic 
and hydrothermal alteration, and it therefore contains the 
least well preserved original sedimentary structures. 
overall, the lithology is similar to that of the Wangapeka 
Formation, although more carbonate-rich. 
(1) General Descriptfon 
The uppermost unit, the Beilby Quartzite, contains 
minor siderite within recrystallized cherty material, and 
a small amount of pyrite grown at intergranular boundaries 
where some permeability is retained along stylolitic 
sutures (Figure 4-12). Throughout the remainder of the 
formation, the disseminated mineralization is dominated by 
iron sulphide blebs, generally w~th a marked elongation 
parallel to cleavage; The mineralogy of these blebs was 
investigated by polished section and X-ray diffraction (see 
Table 4-1). Th~ee iron sulphides were detected; pyrrho-
tite, pyrite, and marcasite. These minerals all occurred 
so similarly as to be usually indistinguishable by visual 
, 
inspection of hand specimens, but a consistent pattern of 
occurrence emerged .after the analysis of a number of spec 
mens from a wide area. Pyrrhotite is restricted to the 
Enterprise Dolomite, which also contains lesser amounts of 
the other two SUlphides, of which marcasite is the more 
abundant. Marcasite occurs along 'healed' fractures within 
the dolomite, along with infillings of carbonate, and 
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occasionally chlorite. At the margins of the dolomite unit, 
pyrrhotite gives way to marcasite and pyr , which are 
found throughout the remainder of the formation. The di-
sulphides occur together, or as pyrite alone. 
,.. t 
. • 1/1" ' . ' 
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FIG. 4-12 Disseminated mineralization in Beilby Quartz-
ite, Owen Formation. 
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Upper: Pyrite grown at a permeable, stylolitic boundary 
between polycrystalline quartz grains, which may represent 
recrystallized chert. 
Thin section, ppl. x40 UC8884 
Lower: Detail of the quartz grains, showing abundant sider-
Ite rhombs and sericite flakes. 
Thin sectio~ ppl. x400 UC8882 
Rock type 
sericite zone 
Enterprise Dolomite (uppermost) 
II 
" 
" " 
" 
TI 
Siliceous carbona.te below 
carbonate lens 
Phyllite 
Po: pyrrhotite 
Mc: marcasite 
Py : pyrite 
abundant 
trace only 
not detected 
'I 
" 
dolom. 
II 
" 
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Po Mc Py Example 
- -
UC8901 
0 ., UC890S 
• - -
UC8879 
0 -. UC8906 
-
., 0 UC8907 
- • • 
UC8892 
-
0 • 
UC890S 
-
-. UC8904 
TABLE 4-1 Summary of sulphide composition for rocks of the 
Owen Formation, as determined by optical microscopy and X-ray 
diffraction. For optical determination, the samples were pre-
pared as polished sections and examined with a polarizing micro 
scope. Samples for X-ray diffraction were separated by coarse 
crushing followed by gravity separation and fine grinding. 
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(2)'Urigin 'and' P'aragenesis 
There can be little doubt that the sulphide blebs 
were derived from original stratiform pyrite, via a pyrrho-
tite stage. Figure 4 13a shows a specimen of Enterprise 
Dolomite with sedimentary bedding marked by pyrrhotite 
blebs which are individually elongated parallel to cleav-
age. Another specimen (Figure 4-13b) contains a pyrrhotite 
mass with a distinct rhomb-shaped cross section, possibly 
representing a relict pyrite cube shape. (Examples of pyr-
rhotite pseudomorphs after pyrite have been collected by 
the author from lower Paleozoic rocks in similar situations 
elsewhere in Nelson) . 
The occurrence of pyrrhotite as a metamorphic mineral 
after pyrite is well known. The limit of this conversion in 
regional metamorphic terranes has been proposed as a meta-
morphic isograd, located slightly below the biotite isograd 
(Carpenter, 1974; see also Figure 4-14). Pyrrhotite also 
occurs in broad aureoles beyond the zone of silicate altera-
tion around intrusive granites, and is considered a sensi-
tive indicator of thermal metamorphism (Neumann 1950). 
Such zoning cannot be traced in the Owen area, due to com-
plications of structure and lithologic variation. 
The abundant marcasite occurring in association with 
the pyrrhotite is consistent with the known alteration 
products of pyrrhotite in retrograde conditions (Edwards, 
1953, Ramdohr, 1969). The widespread coexistence of 
marcasite with pyrite su~gests that most, if not all, the 
pyrite has resulted from marcasite inversion. A para-
genetic sequence -
pyrite ---7' pyrrhotite ~ marcasite ~ pyrite 
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can therefore be defined. The first transition is essen-
tially a desulphurization reaction, and must be attributed 
to metamorphism. The second and third transitions 
apparently arise from a widespread metasomatic phase of 
retrograde metamorphism. 
Pyrite-free marcasite is found accompanying the pyr-
rhotite in the dolomite unit, usually as.:separate blebs, 
although rare examples of pyrrhotite altering to marcasite 
were noted. Elsewhere, marcasite and pyrite occur together, 
with marcasite being most abundant in the low-permeability, 
carbonate-rich horizons. The intimate association of 
marcasite with well recrystallized minerals within fresh 
rock indicates a definite hypogene origin, although some 
marcasite accompanying near-surface pyrrhotite specimens 
may be due to weathering. Both pyrrhotite alteration and 
marcasite inversion have been inhibited in the dolomite, 
presumably due to the extremely low permeability of this 
unit. The chemical environment may also contribute to 
their stability. The more permeable lithologies, particu-
larly the sericite zone, exhibit break-up of the sulphide 
blebs, and sulphide deposition as fine filaments parallel 
to cleavage, and as coarser infillings in cross-cutting 
fractures. Marcasite is rare in these zones, due to either 
inhibited formation or more advanced inversion. 
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1cm 
FIG. 4-13 (a) Dolomitic mudstone from the Owen Formation 
showing pyrrhotite formed by in situ alteration of strati-
form pyrite. The sedimentary laminations are horizontal, 
but the individual pyrrhotite blebs are elongate parallel 
to cleavage, approximately 45° to bedding. Natural size. 
UC8877 
(b) Dolomitic mudstone with pyrrhotite pseudo-
morphing a former large pyrite crystal. The section is 
cut perpendicular to the axis of maximum strain elonga-
tion. UC8890 
cleovog6 
' ·1 , ·/ /, 1// ,0/1 f ' . 
... " 1 . 0" . "1 / . 
· /;'1, /'/;/(/'/'/1/// . 
I ' '0' " I' . I , I I I '\, I t I : I I' I \ \ \01 I I p.\ It. · " 
I L _· _ __________ ._ 
o I 2cm R r§J black metoshole 
I pyrrhotite 
J pyrite D Qroy n>etosiltstone 
FIG. 4-14 (left) An 
example of pyrite-
pyrrhotite conversion 
in response to regional 
metamorphism, observed 
in late Precambrian 
sediments of Tennessee. 
The conversion is incom-
plete, as remnant pyrite 
remains. 
From Carpenter (1974). 
w 
103 
WANGAPEKA 
FORMATION 
ARTHUR 
MARBLE 
OWEN FORMATION 
Dolomite 
SEPARATION PT 
GRANITE 
t Tertiary 
I 
~-
Py 
E 
? 
I km 
FIG. 4-15 A theoretical and ideal east-west section through 
the central goldfield region of Mt. Owen, showing type and 
approximate abundance of disseminated iron sulphides. 
Pyrite was originally ~bundant in the pelitic rocks, but 
sparse in the marble. Prograde thermal metamorphism caused 
alteration of pyrite to pyrrhotite throughout all but the 
uppermost (and westernmost) Owen Formation. Later retro-
grade, hydrothermal effects converted pyrrhotite to 
marcasite, and possibly pyrite. Further pyrite has re-
appeared by marcasite inversion- in zones of higher tempera-
ture (east) and higher permeability (west). The extremely 
im~ermeable dol9mite has resisted retrograde changes to the 
sulphides, preserving pyrrhotite. 
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(3) Su'lphide'text'u'res 
(a) Pyrrhotite. Except for the rare examples of re-
lict cubic shape described above, the pyrrhotite occurs as 
elongate streaks which often exceed 20 rom in length. Rapid 
oxidation makes this mineral difficult to find in field 
exposures. With cross-polarized light, polished sections 
of pyrrhotite show a moderate foam texture, consisting of 
mosaics of grains showing abundant equiangular triple 
junctions. This tendency toward an equilibrium texture is 
indicative of considerable post-deformational annealing, as 
discussed by Stanton (1972). 
The pyrrhotite mineralogy is further discussed in 
Chapter VIII. 
(b) Marcasite-Pyrite. The blebs which contain these 
minerals form elongate streaks similar to those described 
for pyrrhotite, although some show evidence of greater 
recrystallization to produce more compact sulphide 'knots'. 
Recrystallization of both sulphide ,and surrounding host 
rock minerals is most pronounced in the carbonate-rich 
rocks, where some euhedral termination structures are 
formed by pyrite pseudomorphs after marcasite. Many of 
these recrystallized knots retain an impressive mosaic of 
marcasite with well developed lamellar twinning in a 
groundmass ,of pyrite (Figure 4-16). 
The distribution of marcasite within individual sul-
phide blebs is not random. Two preferred distribution 
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ch~racteristics are rec~gnised; grains are conc~nt~ated 
at either the edge of a bleb, or at the centre. Marcasite 
at the margin commonly occurs as few, discrete and well 
recrystallized grains, whereas the central concentrations 
show textures varying from a few isolated crystalline 
grains to a rim of crystals surrounding a microcrystalline 
mass (Figures 4-17, 4-18). 
These textures must be interpreted in terms of both 
initial products of pyrrhotite alteration, and the later 
products of inversion and recrystallization. The micro-
crystalline cores suggest that at least the final stage of 
pyrrhotite alteration produced an initial disulphide pro-
duct in the form of a disordered mass. 
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FIG. 4-16 Textures of marcasite-~yrite blebs in Owen Forma-
tion sediments. 
Upper: Massive sulphide, showing characteristic lath-like 
twins of marcasite in a mesostasis of pyrite (medium grey) . 
Polished section (PS510), partly xpl. x120 UC8893 
Lower: Pyrite with relict marcasite grains. The acute , ter-
minations against carbonates (dark) are indicative of former 
marcasite. Considerable marcasite inversion since original 
crystallization is inferred. 
Polished section (PS503), partly xpl, oil. x180 UC8892 
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FIG. 4-17 Marcasite distribution within sulphide blebs in 
the sediments of the Owen Formation, showing partial inver-
sion and recrystallization. PS503, UC8892 
Upper: Marcasite crystals grown at the edge of a sulphide 
bleb, against well recrystallized quartz and carbonates 
(light grey). The sulphide mesostasis is pyrite (medium 
grey) . 
Polished section, partly xpl, oil. x640 
Lower: Relict euhedral crystals at the centre of a sulphide 
bleb. 
Polished section, partly xpl, oil. x640 
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FIG. 4-18 Marcasite in sulphides of the Owen Formation 
(continued). PS503, DC8892 
Upper: M~rcasite as a microcrystalline mass at the centre 
of a pyrite bleb. 
Polished section, partly xpl. x120 
Lower: Detail of above. 
Partly xpl, oil. x640 
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The inward progression of restructuring involving re-
crystallization and/or marcasite inversion, from the outer 
edge of the sulphide masses, may have isolated the core 
zone against further modification. Marcasite at the bleb 
margins appears to have survived due to the establishment 
of relatively large crystals, but other factors may be 
important. A weak surface anisotropy of the pyrite sur-
rounding the marcasitic cores shows the pyrite grains to be 
relatively large and well recrystallized. The extent to 
which this characteristic is inherited from pre-existing 
marcasite is uncertain. 
(c) Non-Ferrous Sulphides. Small amounts of chal-
copyrite, sphalerite, and other sulphides occur in close 
association with the iron sulphide blebs. Their pattern of 
occurrence and composition provides strong evidence that 
these minerals were derived at least in part from foreign 
sulphide inclusions in the original pyrite, and are thereby 
equivalent in origin to the inclusions described for the 
Wangapeka Formation pyrite. In the Owen Formation, these 
minerals are frequently not enclosed by the iron sulphide, 
and therefore cannot be classified as inclusions except in 
the sense of implied origin. 
The non-ferrous sulphides are illustrated in Figures 
4-19, 4-20. The best examples were seen in the pyrrhotite 
blebs, where conspicuous concentrations of chalcopyrite are 
commonly located at the points of maximum elongation. Chal-
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copyrite, and ?tetrahedrite,were seen to form intergranular 
films and interstitial grains at triple junctions within 
the pyrrhotite. Similarly, sphalerite forms small rounded 
grains along host grain boundaries. 
Noticeably less foreign sulphide was found in associa-
tion with the marcasite-pyrite blebs, where the ore 
minerals were usually separated from the host bleb or only 
partly in contact with it. Chalcopyrite was once again the 
most abundant ore mineral, the sphalerite being present as 
very small grains, commonly scattered throughout the host 
rock surrounding the iron sulphides. Some examples of 
sphalerite replacing host rock minerals were noted. 
the non- rrous sulphide was originally present as 
inclusions in pyrite, similar to what has been described 
from specimens from the Wangapeka Formation, th material 
has been subject to considerable redistribution throughout 
the successive alteration of the host sulphide and sur-
rounding rock. Much of this redistribution may be due to 
recrystallization, such as the apparent expulsion of 
included sulphide to the extremities of the pyrrhotite 
blebs. Some remobilisation of ore metals in solution 
probable, as indicated by the apparent depletion of ore 
sulphides in the more permeable, sericitic rocks. The host 
sulphides also have been extensively remobilised (Figure 4-
21), replacing country rock minerals such as carbonate and 
biotite. 
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Remobilisation may account for the chalcopyrite-rich 
and sphalerite-poor characteristic of the pyrrhotite. The 
evidence from the Wangapeka Formation suggests that sphal-
erite is removed from the host sulphide in preference to 
chalcopyrite. Alternatively, metamorphic addition of 
copper may have taken place, but proof of this is difficult 
to establish. 
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FIG, 4-19 Non-ferrous sulphides in disseminated sulphide 
blebs, Owen Formation. PS502, UC8890 
Upper: Chalcopyrite (outlines dotted) conce ntrated 
'apex' of a pyrrhotite mass in dolomitic mudstone. 
matching saw-slab is illustrated in Figure 5-13b. 
Polished section, ppl. xl00 
in the 
The 
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Lower: Detail of the pyrrhotite. Non-ferrous sulphide 
inclusions occur at intergranular locations, e specially at 
tr i ple junctions. Chalcopyrite inclusions are indicated by 
arrows. 
Partly ppl, oil. x640 
FIG. 4-20 Non-ferrous sulphides associated with dissem-
inated and partly remobilized marcasite-pyrite blebs in 
dolomitic mudstone, Owen Formation. The ore sulphides 
are commonly detached from the disulphide blebs. UC8893 
Upper: Showing chalcopyrite (Cp). 
Polished section (PS510), ppl. x120 
Lower: Showing chalcopyrite, and small amounts of sphal-
erite (Sp). 
Polished section (PS510), partly xpl. x120 
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FIG. 4-21 Remobilisation of disseminated sulphides, 
Owen Formation. Replacement of country rock minerals, 
including ferroan carbonates and biotite, may be a result 
of the diffusion of liberated sulphur during the pyrite 
to pyrrhotite transition. Considerable remobilisation 
also occurred during the resulphurization phase, and the 
replacing pyrite shown above may date from either event. 
~Er~: Polished section (PS503), partly xpl. x250 UC8892 
Lower: Polished section (PS510) I partly xpl, oil. x640 
UC8893 
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IV. DISCUSSION 
This study of disseminated mineralization is consid-
ered important for two principal reasons. Firstly, the 
observations provide some insight regarding the mobility, 
accumulation, and stability of sulphides in sediments 
under conditions ranging from diagenesis to metamorphism. 
Secondly, the alteration of the disseminated sulphides can 
be used to trace the history of a metamorphic event which 
became pervasively hydrothermal, or metasomatic, during 
the waning phase. 
The stratiform sulphides of the relatively unmetamor-
phosed Wangapeka Formation provide a useful indication of 
the pre-metamorphic characteristics of the Owen Formation 
sulphides. Advancing metamorphism caused alteration of 
pyrite to pyrrhotite, probably by desulphurization as 
suggested by the alteration other iron-containing 
minerals to sulphide in the surrounding sediment. Re-
crystallization within the dolomite horizons has preserved 
pyrrhotite by preventing retrograde alteration of sulphides 
enclosed by this unit. Elsewhere, the degree of retrograde 
alteration can be seen to be a function of rock perme-
ability. Restoration to the disulphide state was a result 
of what can be recognised as a widespread, low temperature 
hydrothermal event, which gave rise to a major episode of 
vein formation caused by contemporaneous fracturing, as 
described in the following Chapter (V). 
The successive alteration and restructuring of the 
disseminated sulphides has permitted the release of sig-
nificant amounts of ore minerals. Similarly, the release 
and migration of sulphur-bearing species may have been 
important in 'scavenging' the surrounding sediment, ex-
tracting metals from silicates and creating sulphides 
which would be readily available for mobilisation by a 
subsequent hydrothermal phase. 
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CHAPTER V 
VEIN MINERALIZATION 
This term is used to cover all mineralization having 
a direct relation to vein-forming processes, and includes 
minor replacement and infilling in addition to the well 
defined quartz lodes. Vein location and vein structures 
have been partly described in Chapter III, and a history 
of prospecting and mining activities presented in 
Chapter I. Some duplication of these details this 
section is unavoidable. 
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The veins at Owen can be divided on the basis of 
emplacement and ore petrography into two types; one 
characterised by base metal 'sulphides and association with 
carbonate rocks, and the other a gold-bearing quartz 
occurring in generally non-carbonate lithologies. A sum-
mary of·the vein-associated mineralization is given in 
Figure 5-1. 
I 
II 
IV 
Va 
FIG. 5-1 Summary of distribution and classification of 
vein-associated mineralization at Ht. Owen. Base-metal 
veins are shown as soli~ black, gold-quartz veins are 
hatched. 
'I. Weakly auriferous quartz veins in Wangapeka Formation 
II. Base-metal replacement orebodiesin Arthur Marble 
lodel. 
III. mineralization of fault zone (8ilverstrearn 
IV. 
Va. 
V,b. 
lode) . 
Base-metal mineralization at the base of the Beilby 
Quartzite (Beilby's reef, etc.). 
Major gold-quartz mineralization in sericite zone of 
O""en Formation (Enterprise I Zealandia vein systems) . 
Lesser gold-quartz mineralization in remainder of forma-
tion (Murchison, Golden Crown veins, etc.). 
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;r. BASE' METAL' VEINS 
This group consists of a number of mineralized loca-
tions, exhibiting a pyrite-sphalerite-galena assemblage 
which is accompanied by minor chalcopyrite, generally high 
silver values, and moderate gold values. Of several known 
locations of this type, one is within the Arthur Marble, 
but the remainder all occur within a narrow zone 
immediately beneath the Beilby Quartzite and partly extend 
up into this unit. This zone marks a gradational contact 
between the sericite zone and the overlying quartzite. 
The rock is both carbonate-bearing and siliceous, but has 
an abundant sericite-chlorite content and a marked perme-
ability. 
(1) Emplacement 
(a) Beilby's Reef. The northernmost occurrence is so 
named after the prospector C.S. Beilby, although the local 
name is 'The Ristng Sun', after the name of the company 
which employed Beilby to drive prospecting adits. This is 
the best known base metal locality in the district, and is 
situated at 944944 among steep bluffs approximately 200 m 
south of Trig C. It is the only such deposit to be des-
cribed by Williams (1965) who presents a brief description 
drawn from the reports of Park (1888) ,and from a more 
recent unpublished report prepared in the 1950's. Williams 
reports Park's silver assays at 12,300 oz/ton, which is 
misleading and possibly misprinted. Park referred to a 
range of values from 12 to 300 oz/t:on for samples from a 
number of base metal prospects in the area. Williams' 
description of the mineralization is as follows: 
'Between the marble and the slates is a splin-
tered zone of bluish schistose slate; this 
zone of fracture seems to extend several 
hundred feet below the marble contact, but 
silicification is most intense close below it, 
where a sparingly mineralized quartz occurs 
in the form of a stockwork occupying a complex 
jointing and shearing pattern.' 
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This description is somewhat misleading. Fracturing around 
the Beilby locality comprises faulting, brecciation, and 
shear zones with infilled tension gashes (see also Struc 
ture, Chapter III). Much of this deformation controlled 
mineral deposition which consists of open space fillings 
with some minor wall rock replacement, forming many small 
discontinuous stringers and veinlets which only rarely 
show thickening to more than 0.2 m. Some veinlets are 
parallel to bedding, and some are parallel to cleavage, 
while others occupy fractures and breccia zones which 
cross-cut both of these structures. It is probable that 
much of the 'silicification' mentioned by Williams refers 
to the Beilby quartzite, where the recrystallized chert-
rich horizons closely resemble hydrothermal silica. 
Similar deformation locates other base-metal local-
ities along this stratigraphic zone, but poor exposure and 
difficulty of access impedes examination. A discovery was 
reported in 1888 south of Beilby's reef near Bulmer Creek, 
where some impressive galena specimens were collected and 
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leases taken out. The location has remained lost since 
the mining days due to thick vegetation and much talus and 
stream debris in the bottom of the valley, but probably 
represents a repetition of the Beilby's reef mineraliza-
tion. 
(b) The S'il Ve'I.'st're'a:m: Lode. A shallow shaft sunk near 
a stream which became known as Silverstream (now offici-
ally Baigent Creek) intersected base metal ore during the 
prospecting of 1888. This locality (919872) is at the 
southern extremity of the Owen Paleozoic rocks, in an area 
of structural uncertainty due to poor exposure. The min-
eralization appears to be associated with a major fault or 
fault zone, which is marked by a coarse blocky breccia in 
the streambed near the shaft (Figure 2). The ore tex-' 
tures also indicate a fault zone deposit which has been 
subject to considerable post-mineralization movement. 
Fragments of quartzite and sericitic material from the 
breccia and an obscure outcrop of highly cleaved and 
altered slate immediately east of the breccia suggest that 
a sliver of upthrown Owen Formation is now emplaced 
against the Arthur Marble and Wangapeka Formation which 
outcrop to the west. 
Partial infilling and flooding of the shaft prevents 
access to the workings and few details of the exposed min-
eralization are available from records, but a linear lode 
structure may be assumed from the surviving descriptions 
of the'orebody, which was grandly named 'The New Anaconda' 
FIG. 5-2 A coarse blocky breccia near the shaft on the 
Silverstream lode, Baigent Creek. A north-south trending 
fault of major displacement apparently locates this min-
eralization, and the breccia contains blocks of quartzite 
and calcareous slate similar to the uppermost Owen Forma-
tion. 
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at the time of the excavations. The line of leases taken 
out to the north and south of the discovery is parallel to 
the trend of major vertical faults in the vicinity. 
(c) The' :;;~;l-J~ffbR1~H Ore body • A further dis covery of 
the 1888 prospecting was a vein of massive galena outcrop-
ping in the gorge of Fyfe River (930898). The vein, des-
cribed as being 14 inches (0.34 m) wide at the outcrop, 
appears to have been a tabular body which rapidly pinched 
out in all directions, located along a fissure parallel to 
the bedding in the Arthur Marble. The ore, which was 
highly argentiferous, has been completely worked out by 
outcrop workings and a short drive with up-dip stoping. 
Only thin veins of galena remain in the workings, but two 
large hand specimens of rich ore containing more than 80% 
of galena were found near the mouth of the drive. Very 
little quartz veining or fracturing can be found at this 
deposit, which appears to have formed principally by re-
placement of marble. 
(2) Mineralogy 
Good specimens displaying ore and wall rock character-
istics were obtained from the three main localities des-
cribed above. No chemical analysis of these ores was 
attempted, as the sulphide mineralogy was determined in 
polished section, and many assay results are available for 
the precious metal content. 
The ore is distinct from all others, in 
both composition and textures. The mineralogy of this lode 
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is comparatively simple; massive, coarse~grained galena 
was accompanied by a little quartz, pyrite is restricted 
to traces in the lode margins, and sphalerite appears to 
have been absent. Minor covellite is present as films in 
galena cleavages and as small cubic inclusions. The 
specimen sectioned was probably from the surface workings, 
as a thin crust of supergene minerals is present on one 
face, therefore the covellite is almost certainly an 
alteration product of original chalcopyrite. Other super-
gene minerals include malachite, azurite, cerussite, 
minium, and traces of metallic gold (Figure S-3). The re-
stricted mineralogy, the coarse-grained ore texture, the 
scarcity of gangue minerals, and the nature of the host 
rock all indicate a replacement origin for this orebody. 
Ores from the deposits located near the base of the 
quartzite show a consistent galena-sphalerite-pyrite 
assemblage, with chalcopyrite as a. minor component. The 
Beilby·s reef specimens are generally pyritic, but commonly 
show a dominance of one base metal sulphide in individual 
veinlets. Abundant quartz, chlorite and sericite are 
present as gangue minerals. Calcite veins are also 
present, but are unmineralized and are probably of super-
gene origin (see Chapter VI). Polished specimens prepared 
from veinlets around the Beilby·s reef locality (PS S06) 
and in the basin further north all show' sphalerite and 
galena replacing brecciated pyrite (Figure (S-4). Frac-
ture infilling relationships indicate that galena, in part, 
post-dates sphalerite, and there is also evidence for much 
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FIG. 5-3 A contact of massive galena and silicified wall 
rock from the Welcome orebody, Fyfe River. Zoned super-
. gene alteration can be recognised, as follows: 
(i) Silicified wall rock. 
(ii) Hematite (discontinuous, bright). 
(iii) Cerussite. 
(iv) Covellite (blue). Dark areas are voids created 
on polishing, possibly the site of a friable secondary 
mineral. 
(v) Unaltered galena, containing sparse patches of 
covellite. 
Polished section (PS511), Ektachrome, ppl. x120 UC8886 
\ \ 
\ 
\ 
FIG. 5-4 Paragenetic relationships seen in the sulphides 
of the base metal ores. 
(a) Pyrite (euhedral section) partly replaced by 
sphalerite (Sp) which is in turn infilled and partly re-
placed by galena (Gn). A vein sample from the Beilby's 
Reef loc ity. 
Drawn from a polished section (PS506), xlOO UC8887 
(b) The same sequence seen in the Silverstream ore. 
Some sphalerite and galena was included in the pyrite 
during growth, either by simple enclosure or by sporadic 
replacement. 
Drawn from a polished section (PS503), x160 UC8888 
(c) Complex relationships of unmixing and replacement 
involving minerals of the 'grey copper ores' (see text). 
A tetrahedrite (Te) infills and possibly replaces galena, 
and is accompanied by unidentified exsolved minerals oc and 
fi . ~ is possibly chalcopyrite. Silverstream ore. 
Drawn from a polished section (PS504), oil, x640 UC8888 
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contemporaneous deposition. The ch~lcopyrite is associated 
with the sphalerite,and shows textures which suggest, but 
do not prove, exsolution. Where wall rock replacement has 
occurred, fine pyrite appears to precede the deposition of 
the ore sulphides. 
Similar evidence is shown by the ores of the Silver-
stream lode, which are more complex. Good specimens 
collected from a small dump near the shaft show the domin-
ant sulphide to be galena. Microgranular sulphide textures 
and intermixed fragments of brecciated quartz and country 
rock indicate fault zone deformation. 
The pyrite of the Silverstream ore shows some unusual 
characteristics in polished section. Crystal development 
as {lllj and {IIO} , and possibly combinations of the cube, 
{lOa], and the pyritohedron, {210) , is indicated by the 
abundance of hexagonal and pentagonal cross-sections 
(Figure 5-5). These crystals also show large, rounded 
inclusions of ore sulphides near their centres. The struc-
tures are attributed to the enclosure of ore sulphide 
during an early, rapid phase of pyrite growth, followed by 
later recrystallization. This interpretation is supported 
by rare examples of pyrite showing a 'cruciform' core and 
included sulphides, and also skeletal cubes which enclose a 
large amount of sulphide matrix (see Figures 5-5, 6) . 
These growth characteristics are apparently combined with 
replacement of pyrite by the surrounding sulphide. Thus 
the indicated orebody history is one in which pyrite grew 
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rapidly with contemporaneous deposition of sphalerite and 
. galena, and was later partly replaced by these and other 
sulphides. The resulting crystal defects were rounded 
and partly eliminated by recrystallization. Later brec-
ciating events caused some infilling and replacement by 
quartz, in a chemical environment in which pyrite was 
particularly unstable, as indicated by cubic quartz pseu-
domorphs in a base metal sulphide matrix. 
Some of the minor mineral phases could not be identi-
fied by optical means, and electron probe microanalysis 
was ewployed in an attempt to obtain semiquantitative data 
on the composition of these minerals. Unfortunately, a 
shortage of time and defects in the analytical equipment 
prevented a proper study of the mineralogy, but sufficient 
information was obtained to indicate the presence of 
members of the complex 'grey copper ores'. The most abun-
dant unknown mineral was tentatively identified as tetra-
hedrite from optical properties, although the hardness and 
reflectance lay outside the range of published values. 
Analysis showed the presence of copper, antimony, silver, 
and to a lesser extent zinc and traces of bismuth (Figure 
5 ). The mineral is therefore almost certainly one of the 
fahlore group, and the classification as a tetrahedrite* 
* According to Rarndohr, the fahlore group comprises the 
tetrahedrite-tennantite series, for which the basic 
member is considered to be Cu3SbS3, with substitution 
as follows: (continued over) 
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n:tember appears justified. The mineral shows spectacular 
unmixing textures, with?chalcopyrite and other phases 
forming exsolved rims and central inclusions. At least 
four mineral phases remain unidentified, some of which are 
illustrated in Figure 5-8. 
Proper investigation of these minerals must await 
future work. It is clear, however, that the tetrahedrite 
has a high silver content, and probably comprises the 
principal silver-bearing mineral in these deposits. The 
tetrahedrite also appears to have been initially very rich 
in copper and antimony, both of which have unmixed on cool-
ing or in response to substitution on cooling. The 
unmixing products include a rare, highly reflectant 
, 
antimony mineral which may be native antimony. 
* (continued) 
Ag, Zn, Fe, Hg, Ni, Co 
As, Bi, Sn , Ge 
Te 
for Cu 
for Sb 
for S 
.. 
• 
•• • ,.
I 
FIG. 5-5 Pyrite textures in Silverstream ore. UC8888 
Upper: Euhedral pyrite enclosing ore sulphide blebs. 
Polished section (PS505), ppl. x250 
Lower: 'Skeletal' pyrite enclosing sulphide matrix. Some 
replacement is also evident. 
Polished section (PS504), ppl, oil. x640 
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FIG. 5-6 Pyrite textures in Silverstream ore (continued). 
Upper: The presence of rare pyrite with cruciform cores, 
enclosing and surrounded by sphalerite and minor galena, 
provides further evidence for an early stage of 'skeletal' 
pyrite growth. The resulting structurQs appear to have 
been infilled by the rapid deposition of other sulphides, 
followed by later idiomorphic growth to produce the euhedral 
rims. 
Polished section (PS504), ppl, oil. x400 UC8888 
Lower: Pyrite, which has been partly replaced by galena 
(light grey), has later been replaced by quartz (dark). 
Polished section (PS504), partly xpl, oil. x400 UC8888 
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FIG. 5-7 Results of semiquantitative electron probe micro-
analysis of an inclusion of unknown minerals in galena of 
the Silverstream ore (PS 504, UC8888). 
Top left : Optical ·photomicrograph. Note that the central 
mineral is of much greater reflectance than the galena 
(light grey mesostasis) . 
ppl, oil. x640 
Zn 
b 
The other photographs are backscatter maps of the same 
field, recorded for the elements as shown above, from the 
display of a JOEL microanalyser. The two final maps (bottom) 
are greater magnifications of the highly reflectant 
mineral, which may be antimony metal. 
The foreshortened perspective is due to the inclined 
take-off angle of the detector. Instrumental problems 
resulted in a poor resolution. 
FIG. 5-8 Inclusions of unidentified minerals in 
the Silverstrearn ore, showing unmixing textures. 
nately, the photographs had to be taken before a 
polish could be made. 
Polished sections (PS 504), Ue8888 
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galena of 
Unfortu-
proper 
Upper: Tetrahedrite (medium grey) exolved to produce both 
co~e and rim zones of two additional minerals, ~ (dark grey) 
and P (light grey, ?chalcopyrite). See Figure 5-4. 
Partly xpl, oil. x640 
Lower: Further unknown mineral species, some of which are 
strongly anisotropic. 
Partly xpl, oil. x640 
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II. AURIFEROUS QUARTZ'VETNS 
Th~se veins are distinguished as a separate group 
having a quartz or quartz-carbonate gangue, some degree of 
gold mineralization, no essential association with carbon-
ate rocks, and a general absence of base metal minerals. 
Some overlap in the classification of these veins is rep-
resented by the pyritic, base metal-poor veins of the 
Beilby's Reef locality. The auriferous quartz veins do not 
intersect the Arthur Marble, but occur in the formations 
above and below this unit, and are thereby divided into two 
groups. 
(1) Wangapeka Formation 
The veins within this formation in the Owen Goldfield 
are substantially restricted to a relatively small area 
near the junction of Fyfe River and Frying Pan Creek. Vein 
occurrence diminishes abruptly to the west, and beyond Trig 
EH only rare, small-scale veins can be found. This distri-
bution is reflected by the excavations of the early pros-
pectors, whose shafts and trenches are found only in this 
small area. 
The veins are open space fillings of quartz with 
sparse pyrite, some breccia zones showing more intense 
pyritic mineralization. The lack of fresh exposures pre-
vents a complete analysis of the vein mineralogy. An exam-
ination of the surface outcrops and weathered, broken ore 
from prospecting excavations suggests that the mineraliza-
tion is restricted to iron sulphides, quartz, and some 
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sparse carbonates. The host rocks show very little altera-
tion, except where shearing at the vein margins brecciates 
mudstone. Gold mineralization of the veins is widespread 
but weak, although some values were sufficiently high to 
encourage trenching and driving. 
( 2 ) O'We'n' F'o'rm.'at'i'on 
The gold-bearing veins of this formation were the 
focus of attention during the days of prospecting, and 
formed the basis for the establishment of the goldfield. 
Veins are found throughout the unit, but show a variation 
in distribution and characteristics with host lithology. 
The zone between the Beilby Quartzite and the Enterprise 
Dolomite contains the highest density of veins, and is host 
to some very large lode ,structures such as the vein systems 
of the Enterprise, Zealandia, and Uno Creek mines. Veins 
below this zone are auriferous, but rarely contain workable 
values. 
Weathering has made the collection of unoxidised vein 
samples difficult except where fresh material is exposed 
by streams. A number of old workings gave relatively good 
access to underground exposures, but in most cases sulphide 
and carbonate minerals showed considerable alteration after 
remaining exposed to a combination of air and groundwater 
for more than 85 years. Both vein structures and vein 
mineralogy were best exposed during the period of mining, 
but unfortunately the geologists who did visit the field at 
the time left only brief records of what they saw, and no 
specimen collections are known to have survived. The 
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reports of the freshly. exposed veins and ores show the 
influence of contemporary attitudes to mining geology; 
descriptions were usually limited to accounting for the 
difficulties of mine working or poor gold recovery. These 
reports are, however, still considered to be a useful 
source of information. 
(a) VeLn Em.placement. Structural aspects of the 
veins are first mentioned in the Handbook of N.Z. Mines 
where .earlier reports by W.C. Wright, a mining 
engineer, were drawn upon. A brief description states 
that the veins have well defined hanging-walls which con-
tain the bulk of the gold, and are delineated by a 'slate 
selvage', while the foot-walls varied in orientation. The 
reports of Park (1888) and Hector (1888) provide more 
detailed observations on the exposed vein systems. 
Apparently Park introduced the concept of the veins being 
'bedded segregations, having in all cases the strike and 
underlie of the country.' The intended meaning of the 
term segregations is unclear, but one may assume that Park 
wished to indicate a distinction from simple, planar infil-
lings, as he continues, ' •••• segregated veins, unlike true 
fissure-lodes are very uncertain in their behaviour in the 
direction of dip. I Hector examined the Enterpris~ work-
ings, and described the vein system simply as an irregular 
vein without definite walls. 
The degree of deformation impressed these early 
observersi Park recorded: 
'Allover the field the auriferous slates are 
much slickensided and broken, and the quartz 
itself encloses large bodies of slate, and 
frequently contains •.•• so much shattered 
slate as to seriously reduce the returns of 
gold per ton when calculated on the total 
quantity of stone put through the stampers.' 
Similarly, Hector noted: 
'The general feature of this part of the field 
(the Bulmer Creek leases) is the irregular and 
broken character of the reefs, both as to the 
direction and thickness .•.. They do not appear 
to run in continuous lines, but are displaced 
by frequent and extensive dislocations due to 
surface-drooping of the mountainside.' 
These observations refer chiefly to the veins exposed in 
the Uno, Wakatu, and Enterprise mines, where both vein 
formation and country rock sericitisation is intense. 
These characteristics give rise to vein multiplicity, and 
at the Uno-Wakatu area, considerable slumping, causing 
displaced blocks of vein material. Shearing and replace-
ment within the vein systems has caused the abundance of 
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country rock inclusions and vein irregularity noted above. 
The alteration and fracturing of the country rock has 
greatly accelerated the collapse of the workings at these 
mines, and also enhanced the alteration of exposed ores. 
An additional obscuring effect is the widespread precip-
itation of calcite on the walls of underground workings, 
due to the leaching of carbonate country rock and ores by 
supergene water. In some drives, 'cave pearls' exceeding 
10 rom in diameter have formed since excavation. The only 
formerly producing mine in the sericite zone which remains 
accessible is the Enterprise. Entry to the workings can be 
gained only at the third or lowest level, where the vein 
was reported to break up into a number of separate struc-
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tures, and yielded erratic gold assays which .averaged to a 
poor value. No stoping was attempted at this level, but a 
prospecting drive towards the south has been constructed 
at the end of the tunnel, revealing only small veinlets. 
A winze connecting the second and third levels remains in 
. good order, but the portals to all upper levels are slumped 
over. Removal of all the rich surface ore prevents examina-
tion of the original outcrop, thus exposure of the entire 
Enterprise vein system is limited to the single drive at 
level three. Although a large lode structure can be recog-
nised, the margins are poorly defined, splaying out into 
small stringers which vary greatly in thickness. The 
characteristic of a well defined hanging-wall as noted in 
the Mining Handbook could not be recognised and may apply 
to a specific mine of the Bulmer Creek group, where there 
was much development work during Wright's visit of 1886. A 
number of shear zones sub-parallel to bedding can be seen 
in the Enterprise drive. Where these structures show post-
mineralization movement some roof instability results, but 
where the vein material is continuous the workings are very 
stable. 
Veins below the sericite zone are generally smaller 
and more clearly defined. The drive at the r.1urchison lease 
near the mouth of Bulmer Creek is still open, revealing a 
profuse array of small veins which are characterised by 
little development of either wall rock alteration or wall 
rock replacement. Infilling in response to shearing 
appears to be the dominant process of vein formation. 
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Post-depositional movement has been extensive, producing 
truncated veins and repeatedly 'stepped I or 'e'n' 'e'ch'e'lon off-
sets. It is this widespread small-scale shearing which 
frustrated the efforts of the prospectors and miners. A 
great many trenches and prospecting drives can be found on 
the hillsides below Trig SP, where attempts have been made 
to follow veins and small leaders which pinch out or end 
abruptly. Similar reasons account for the failure of low 
level drives to intersect known lodes, in contradiction to 
measurements made at outcrop or at higher mine levels. 
(b) Gangue Mineralogy. A report by Black (1887) is 
the first to describe the gold ores in any detail. He was 
impressed by the weathering characteristics of the lodes, 
and reported: 
'Another peculiarity of the Owen stone is the 
extraordinary proportion of iron pyrites it 
carries at lower depths, to which air has not 
yet had free access. This mineral has been 
mostly oxidised to brown oxide of iron ••.. 
by the removal of which a cavernous, or ves-
icular, or rough porous character is impressed 
on the quartz, which with the rusty colour of 
the remaining oxide of iron, gives it an 
unusual appearance, and renders it easily 
crushed. ' 
Much of the porosity and oxide formation noted would be 
due to the decomposition of iron-rich carbonate, and it is 
surprising that this mineral was not distinguished from 
the quartz. Many Owen Formation veins, and especially 
those in and near the sericite zone, contain abundant fer-
roan dolomites and ferroan calcite, which weathers to 
produce masses of limonite and the rough porosity seen in 
near-surface quartz. Only Park noted the vein carbonates, 
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which he quoted as evidence for vein formation by downward 
percolation, stating; ' ••.• and in support of this assump-
tion it may be mentioned that in the claims immediately 
under, or near the junction of, the limestone the quartz is 
largely mixed with veins of calcite.' 
The remainder of the gangue minerals consist of mus-
covite and chlorite, neither of which are mentioned in 
previous reports. Both are common, but achieve abundance 
only in the areas of intense alteration. Sericitic mica 
is very widespread, and is almost invariably present as an 
alteration product at vein margins and country rock inclu~ 
sions. Larger flakes frequently occur at quartz and 
carbonate grain boundaries, often imparting a specular 
sheen which on casual examination can be mistaken for gold. 
Chlorite is less widespread, but plentiful in the principal 
veins where it occasionally forms platy green masses 
several centimetres in diameter and vermicular aggregates 
in quartz and carbonate. A more detailed examination of 
some gangue minerals is presented in Chapter VI. 
(c) Sulphide M'ineralogy. The vein sulphides are the 
minerals most severely affected by oxidation. In the 
absence of any recent excavation, great difficulty was 
experienced in obtaining representative samples for study. 
It is regrettable that at the time of mining the mineral-
ogical examinations were so cursory and no permanent col-
lection was retained. Black was content to describe the 
sulphides collectively as 'iron pyrites', but both Hector 
and Park, who visited the field during crushing, refer 
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indirectly to arsenopyrite. Hector confuses the Enterprise 
and Wakatu workings, but relates that in one of the mines 
'the stone is highly charged with arsenical pyrites which 
decomposes to a blackish powder that has a strong smell.' 
Similarly, Park noted 'In the solid the quartz contains a 
large percentage of sulphide and arsenide of iron, and 
occasionally cupric sUlphide: In polished sections which 
contain fresh sulphides, no arsenopyrite can be recognised, 
nor can this mineral be detected by X-ray diffraction. The 
sections show sulphide masses consisting of pyrite in 
intimate combination with marcasite, closely resembling the 
disseminated sulphide blebs described from the country 
rock. Typical textures show crystals of marcasite arranged 
in radiating form about a dark, fine-grained, porous mass 
which does not polish and oxidises rapidly. The marcasite 
Irose ttes' lie in a mesostasis of pyrite which shows 
features suggesting marcasite inversion (Figure 5-9). The 
marcasitic sulphide is widespread and forms fracture infil-
lings accompanying late-stage quartz, implying a low 
temperature hypogene origin. Cubic pyrite is not common 
in the gold ores, but is seen as small crystals.at the 
margins of the sulphide masses (e.g. Figure 5-9b), suggest-
ing that pyrite was formed partly penecontemporaneously 
with .marcasite and partly by marcasite inversion. The 
fine-grained material is seen to be invariably marcasitic 
where the grains are large enough for optical determina-
tion, and everywhere shows a tendency to rapid oxidation; 
this material is therefore considered to consist of poorly 
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crystallized marcasite. The linear ands~gmented textures 
exhibited by some of these masses (Figure 5-10) may be due 
to early marcasite structures, now modified by recrystal-
lization. 
Semi-quantitative scans by X-ray fluorescence show 
arsenic to be present in the sulphide but at levels not 
exceeding a few hundred parts per million~, As neither 
pyrite nor marcasite accept significant amounts of arsenic 
into their lattice structures, this element probably occurs 
either as a component of mineral inclusions which are too 
small to resolve, or concentrated in the microcrystalline 
marcasite I perhaps by recrystallization processes. 
This study of the ore mineralogy, which is based on a 
limited amount of fresh sulphide together with much oxi-
dised sulphide and associated pseudomorphs, boxwork struc-
tures and leached quartz, indicates that marcasite and 
inversion-derived pyrite form the principal sulphide 
minerals. Marcasite is known to oxidise more rapidly than 
pyrite, particularly when present in a very fine-grained 
form. Specimens which oxidise in this way commonly emit a 
strong smell. These characteristics, combined with the 
lack of cubic crystals, and indications of poor amalgama-
tion may have resulted in a misidentification when the 
early geologists reported arsenopyrite. The reports 
indicate a general lack of concern for accuracy in identi-
fying orebody minerals. The 'cupric sulphide' mentioned 
by Park may refer to either chalcopyrite or its supergene 
derivative covellite, both of which were seen to form 
FIG. 5-9 Marcasite-pyrite sulphide in the auriferous 
quartz veins, Owen Formation. PS507, UC8894 
(a), Upper: Sulphide textures typical of the late stage 
quartz veins. Patchy, irregular zones of poorly crystal-
lized marcasite are surrounded by massive crystalline di-
sulphide. The surrounding gangue is quartz. 
Polished section, ppl. x64 
(b), Lower: Detail of the right-hand margin of the above 
field~-aS-seen in cross-polarized light. The bulk of the 
sulphide is predominantly marcasite, except for the 
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euhedral extremities where only pyrite exists. The cubic 
sections suggest penecontemporaneous growth of the dimorphs. 
xpl. x130 
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FIG. 5-10 Detail of the poorly crystallized marcasite. 
The cause of the planar fabric and segmentation is unknown, 
but may be inherited from early growth structures in the 
original marcasite, perhaps modified by strains induced by 
recrystallization. 
Polished section (PS508), ppl. x64 UC8895 
small veinlets(1-2 mm} in association with the iron sul-
phides. Rare grains of sphalerite and. galena were also 
found, associated with a quartz-calcite gangue. 
(d) N·atiVe Met·als. The only notable distinction of 
the Owen Goldfield in the mineralogical literature is in 
providing New Zealand's sole record of in-place native 
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bismuth (Morgan and Bartrum, 1913; Williams, 1965). This 
was first reported by the dominion analyst, from amalgama-
tion tests on quartz samples collected by Hector during 
1886, the results being announced in the 22nd Annual Report 
of the Colonial Museum and Laboratory (1887) I and indepen-
dent publications (Skey, 1887, 1888a, 1888b). The metal 
was apparently identified only in bullion alloys from 
amalgamation tests, such as the ibismuthic gold' described 
and exhibited by Skey in 1888, when the following analysis 
was given: 
Gold •••.•••. 78.41% 
Silver ....•• 5.62 
Bismuth •••.. 14.81 
Copper ..••.. Traces 
Loss .•••..••.. _ 1.16 
100.00 
After Skey's publications, no further reports of Owen 
bismuth are known other than references by other authors to 
Skey's work. Considerable confusion is evident as to 
whether bismuth occurred as a true bismuthic gold*, or 
* It is now known that the maximum solid solution of Bi in 
Au is <1% (Wise, 1964). 
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associated with gold as a discrete metal. 
X-ray fluorescence analysis of some Owen ores indi-
cat'es that bismuth concentrations are low. Three vein 
samples were carefully checked against standards, producing 
the following results: 
Sample Location Bi, ppm 
LS-Ol North of Beilby's reef, 72 ± 10 
near Trig C. 
LS-04 Pyritic vein, Wangapeka < 15 
Formation. 
LS-08 Pyritic Enterprise ore. <15 
The high value for LS-Ol reflects the base metal influence, 
and is not unexpected. The other samples have levels which 
are below the detection limit of the analytical method. 
Similar analyses of alluvial gold and stream sediment con-
centrates from near the lodes failed to detect any bismuth, 
even when the grains were mounted and sectioned to expose 
fresh surfaces. Small flakes of a soft, white metal were 
found, which on analysis proved to be lead. These flakes 
were scarce in number but were consistently found with gold 
in situations which indicated that an artificial origin was 
most unlikely. A single grain of gold was found which 
showed adhering particles of a malleable material identical 
in appearance to the le,ad, but unfortunately the specimen 
was lost before determinative tests could be made. 
Nuggets of native lead, bearing fragments of gold were 
collected from the Collingwood district and described by 
Skey (1889), soon after the last reports of the OWen 
bismuth. It appears probable that Skey mistook lead for 
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bismuth in the Owen samples, particularly if the identifica-
tion was based on the very small sample described in the 
initial announcement (Skey, 1887). The test reactions of 
the two metals are very similar, especially with respect to 
oxidation and solubility in nitric acid. 
There is considerable evidence for hypogene enrichment 
of the Owen gold-bearing veins, giving rise to native 
metals. Much of the gold taken from near-surface zones was 
obviously due to such enrichment, as indicated by assay 
values and some petrological data (see below). The lead is 
almost certainly of supergene origin, as are the traces of 
native copper noted by Hector. The same author observes 
that open face and outcrop workings at the Enterprise mine 
gave a 'foul amalgam' which he attributed to bismuth on the 
basis of Skey's determination. Such surface ores would be 
host to any native metals in the orebody. The existence of 
native bismuth in this situation is doubtful, the usual 
occurrence for the metal being primary hypogene. At this 
level of investigation, the presence of metallic bismuth or 
gold-bismuth combinations cannot be disproved. From the 
available evidence, however, confusion of this element with 
lead appears to be the best explanation. 
Hector carefully recorded the extraction process at one 
of the Owen batteries, visiting the plant soon after crush-
ing began. From the discharge of the stampers, a concen-
trate was collected on blanketed tables. This material was 
periodically collected and re-tabled, and finally ground in 
berdens with mercury. During this grinding, a fraction of 
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the concentrate was removed by stirring with a large magnet. 
Samples assayed from various stages of this process (Table 
5-1) show high gold values for most fractions listed as 
being separated by a magnet, and particularly for the 
portion separated during berdanning. An almost equal 
amount of mercury accompanied the gold, and indications of 
'bismuth' varied proportionately with the gold. These 
associations may be easily accounted for in terms of the 
escape of partially amalgamated gold, lead, and possibly 
mixed particles of the two metals. 
The reason for the occurrence of a magnetic concen-
trate is not clear. It is difficult to account for a 
magnetic mineral in the ore; pyrrhotite, or fine-grained 
magnetite as a pyrrhotite alteration product would have 
these properties, but are unknown in the ore specimens. 
Hematite and limonite accompany the enriched gold, but 
could not be separated from the ore with the low-intensity 
magnets available at the time of crushing. Hector does not 
describe the magnetic concentrate, nor indicate what pro-
portion of the ore it represents. The only source envis-
aged for this fraction is the abrading cast iron of the 
crushing and amalgamating machinery, which could be 
expected to produ~e sharp splinters and flakes which may 
have gathered particles and coatings of the soft, malleable 
native metals. 
A further native metal may be listed if the suspected 
native antimony in the Silversteam ore is included. This 
occurs as minute inclusions (Figure 5-7) exsolved from 
tetrahedrite, and would therefore be of hypogene origin. 
Without further microanalysis, the identification is 
uncertain. 
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RESULTS of ANALYSES of SEVEN SPECIMENS of SLIME. &0., from the Wakatll 
, Mill.-Lab. No. 4777. 
PlUticullUs of Sample. Gold per Ton. Remarks. 
1 Slime tiftor berdanniugs, oon· ldwt. Hgr. Traces of meroury. 
sillored as was te 
2 M!\guot cleanings after bel'- Good indication of mer. 
drmning cury and good rea.cLion 
MagIiot residue after berdan-
of bismuth .• 
8 Gold found nol; Sample too small to al· 
ning, top· blanketing enough to weigh Iowa good weighing of 
:I. Magnet cloanings before bel'. 
gold. 
Ditto. 
drull1ing. from tOIJ'-blankst 
washings 
Mercury nea~ly 20z. per 5 Magnet residue, lop·bla.nket- loz. 12dwt. 12gr ..• 
lngs before berdan nl ng ton. 
6 Waste removed by magnet 30oz. 1 Od wI;. 12gl'. Meroury 860z: Sdwt. per 
during bordMltling ton; bismuth approxi. 
7 Residue after washing top- 10z.6dwc. 
mately ~oz. pOl' ton. 
blankets 
Mercury ea.sily found. 
TABLE 5-1 Descriptions and analyses of samples of quartz 
taken from various stages of treatment after crushing at 
one of the Owen batteries. The samples, collected by 
Hector during his visit to the field, were probably taken 
from the Enterprise battery, not the 'Wakatu' as stated. 
The analyses were compiled by W. Skey, dominion analyst, 
who had previously announced the discovery of native 
bismuth. Considerable loss of mercury and partly amal-
gamated gold is indicated, although the fraction of the 
total throughput these concentrates represent is not given. 
(From 23rd Annual Report of the Colonial Museum and 
Laboratory, 1888.) 
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III. GOLD MINERALIZATION 
(This section refers to the veins of the Owen Forma-
tion only) 
(1) Alluvial Gold 
Due to the scarcity of visible gold in the vein ores, 
alluvial gold was collected for study by panning in the 
Owen River, a few hundred metres below the Enterprise mine. 
Sediment from crevices in the exposed bedrock at the banks 
of the stream was panned to a heavy concentrate, which was 
further concentrated in the laboratory by panning with a 
watchglass, followed by drying, magnetic separation, and 
hand picking under a binocular microscope. This treatment 
provided a large number of gold grains and also the lead 
flakes previously described. 
(a) Morphology of Gold Grains. Approximately 10% of 
the gold particles showed smooth faces, often comprising 
partial or complete crystal forms. Several near-perfect 
crystals as octahedra and elongate rhombdodecahedra up to 
ca. 2 rom in length were found, with some larger grains 
showing indications of this form but obliterated by the 
growth imperfections and abrasion (see Figure 5-11). The 
preservation of fine detail and smooth surfaces on some of 
the smaller grains indicates that at least some of the gold 
was transported in larger, protective host mineral grains 
which have since been broken down and removed by solution . 
. 
The sediment which yielded both the unabraded gold and the 
lead flakes was collected from deep strearnbank crevices; 
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limonite accumulation and partial cementation indicated 
decay of sulphides and a long period of undisturbed repose 
since active transport. Some limonite adhering to the gold 
showed crystalline pseudomorphs, apparently reflecting an 
o~iginal iron sulphide host (see Figure 5-11h). 
(b) Compos i tion of Gold Grains. The un abraded grains 
showed considerable variation in colour when compared with 
the abraded grains, which showed little variation. A number 
of different coloured grains were examined in polished 
section, which revealed that many had a thin rim which was 
more densely coloured than the grain interior (Figure 5-12). 
The differences in depth of colour were interpreted as being 
due to a variation in silVer content, a characteristic con-
firmed by scanning the sectioned grains with an electron 
c.probe microanalyser. For two grains which showed this 
cinhomogenei ty, semiquantitative count rate scans were made, 
iJndicating a composition of 20 wt. % and 31 wt. % Ag respect-
cJvely for the grain interiors (see Figure 5-13). This 
~8timation must be regarded as approximate, being based on 
count rates without standardisation or absorption 
, and by assuming the grains to consist of only 
silver. Proper quantitative analysis would also 
re a higher degree of surface polish. 
The gold-rich rims are almost certainly due to silver 
on of the outermost surfaces by oxidation processes. 
characteristics are known from many examples of 
argentiferous gold as described by Edwards (1954), 
and investigated by microanalysis and discussed by 
Desborough (1970), and Desborough 'etal. (1971). 
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These analytical results suggest that some of the 
metal will fall into the class of elect rum, for which the 
minimum silver content is variously defined as 18% (Dana's 
Textbooko'f Mineralogy), 20% (Handbook of Geochemistry, 
VII pt III), and 30% (Ramdohr). 
FIG. 5-11 Crystalline alluvial go l d grains, photographed 
with a scanning electron microscope. UC8896 
(a), (b) Octahedra. 
(c), (d) Elongate rhombdodecahedra. 
(e), (f) I (g), (h), grains showing some crystal struc-
ture of uncertain form. The grain in (h) is surmounted 
by a remnant of limonite which pseudomorphs crystalline 
sulphide. 6..,b , f .h, '")0 Cj xb) ct ,e, f: xl3u 
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FIG. 5-12 The edge of an nlluvial gold grain in 
polished section. The more densely coloured rim is due 
to supergene silver depletion. Some porosity in the 
grain appears to be essential for significant penetration 
of the depletion process. Such porosity may be either an 
initial depositional texture or a property induced by 
abrasion. 
Polished section (PS509), Ektachrome, ppl, oil. x500 
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FIG. 5-13 Confirmation of silver depletion by electron 
probe microanalysis. Graphical displays for microanalyser 
scans across the edge zone of sectioned gold grains, show-
ing results for gold and silver. An antipathetic relation-
ship is clearly shown. The straight white lines mark the 
scan paths, and the black lines indicate the base line for 
the count rate traces. PS509 
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Although a large amount of quartz was examined both 
in the field and in the laboratory, only two specimens 
were found to contain visible gold. A very small particle 
was seen in the rim of secondary minerals of the galena 
specimen from the \;Welcoffre::~, mine, and is probably of 
"~~-~----~ 
supergene origin. Some larger particles accompany iron 
sulphides in massive vein quartz from the Owen Formation 
(sample LS-24, a large stream boulder near the mouth of 
Bulmer Creek, see Figure 5-14). 
These larger grains show imperfect crystal sections, 
and may represent the source of the crystalline gold in 
the stream sediments. Iron sulphides form the surrounding 
host mineral, which would provide protection for the small-
er gold grains during transport, later weathering away to 
leave undamaged crystal surfaces preserved. 
Some uncertainty remains regarding the paragenetic 
relationship between the gold and the host sulphide. The 
ore specimen is partly weathered, and the gold grains are 
seen to be associated with pores or voidS, and surrounded 
principally by limonite. The host sulphide is marcasitic 
pyrite which has probably undergone considerable marcasite 
inversion. The ore is, therefore, typical of the sulphide-
bearing Owen Formation quartz as described, except for the 
presence of the gold and a small amount of chalcopyrite 
and its supergene derivatives. Some gold-iron disulphide 
contacts remain, shoWing smooth boundaries which continue 
into the zones of gold-hematite contact. In addition to 
the subhedral gold grains, anhedral gold is present as 
small veinlets which project from the grain surfaces into 
the surrounding sulphide, and also minute 'lumpy accre-
tions' on the otherwise smooth grain margins. 
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There is very little authoritative literature avail-
able regarding the processes of particulate gold depos-
ition. Various authors infer the growth of crystalline 
and argentiferous gold to be a medium to low temperature 
hypogene process (Petrovskaya, 1971, Desborough et al., 
1971), and this is also suggested by Boyle (1968), who 
studied the occurrence of silver. From observations on a 
number of Russian gold-bearing ores, Petrovskaya postu 
lates the association of simple gold crystal forms with 
deposition at great'depth, the crystals showing progres-
sively greater complexity and a higher silver content with 
formation at shallower depths. An entirely supergene 
origin for the Owen gold crystals is therefore considered 
unlikely, especially as the microanalysed argentiferous 
grains have homogenous interiors. 
Supergene gold deposition cannot, however, be com-
pletely discounted; surface quartz enrichment has 
definitely occurred to some extent as shown by old assay 
values. Furthermore, the evidence of the native lead and 
copper indicates supergene metallogenesis. The anhedral 
'additions' to the crystalline gold grains may have such 
an origin. Late supergene attack and removal of gold is 
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revealed by the presence of corrosion cavities (Figure 5-
15), which probably developed in the oxidising environment 
prevailing during the formation of the nearby limonite. 
Gold removed in this way could presumably be reprecipitated 
on nucleating centres provided by gold particles in the 
reducing zone. Careful specimen polishing and further 
microanalysis may resolve this uncertainty. 
On the basis of the available evidence, a late stage, 
low temperature hydrothermal origin is assigned to the gold 
grains. The gold has been deposited either contempor-
aneously with the marcasitic pyrite as open space fillings 
in the quartz, or deposited after the sulphide by replace-
mente The association of gold grains with the pores and 
voids seen in polished section supports both origins, and 
it appears possible that both processes of hypogene depos-
ition operated during orebody formation. The small gold 
veins near the margins of the grains have definitely formed 
by replacement, but as suggested above, this may be super-
gene. 
(3) Goldin Rocks: The Search for a 'Carlin-Cortez' 
Deposit 
During the early stages of field work for the project, 
the writer was impressed by the possible existence at Mt. 
Owen of the characteristic features of what is now termed 
a 'Carlin-Cortez' gold deposit. This term is taken from 
the name of two large gold mines in northern Nevada, 
established in the 1960 l 's to exploit large orebodies con-
.. 
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FIG. 5-14 Gold (white) in marcasitic pyrite (light grey) 
and supergene limonite (dark grey). The gold shows an 
overall subhedral outline (upper) and also some 'lumpy' 
anhedral areas and veinlets which appear to be later 
additions to an original crystalline grain. Where a gold-
sulphide boundary is preserved (lower), smooth crystalline 
faces can be seen. 
The sample is from a stream boulder resting in the bed of 
Bulmer Creek. PS508, UC8895 
Upper: Polished section, ppl. x250 
Lower: Detail of above (indicated), ppl, oil. x1400 
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FIG. 5-15 Detail of the margin of the gold grain shown 
in Figure 5-14. A corrosion cavity in the gold is not 
infilled by limonite; locally strong acid oxidizing 
conditions are inferred. PS508, UC8895 
ppl, oil. x1400 
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taining workable concentrations of disseminated gold in 
epithermally altered siltstones and limestones. Micron to 
submicron sized gold particles occur in the rock, with 
accompanying enrichment in metals such as Sr, Ba, Cu, Sb, 
and Hg. A complete description of the Cortez deposit can 
be found in Wells et al. (1969), and a similar treatment 
of the Carlin deposit in Radtke and Sheiner (1970) and 
Radtke et al. (1972). The two deposits differ in some 
aspects of lithology, but the essential characteristics 
are as follows: 
(i) Proximity to intrusive igneous bodies which con-
stitute the source of the hydrothermal alteration. 
(ii) A zone of 'bleached' sediments as a result of 
widespread hydrothermal alteration. 
(iii) The presence of carbon in the host sediments prior 
to alteration. This carbon is partially or completely lost 
by oxidation processes during alteration in the bleached 
zone. 
(iv) The presence of dolomitic carbonates in the host 
rocks. 
(v) The existence of both stratigraphic and structural 
controls. (A massive limestone body forms a capping to a 
bleached zone at the Cortez deposit). 
(vi) The introduction of iron sulphides into the host 
rock. 
(vii) Enrichment by Au, Ag , Sri Ba , and various trans-
ition metals. 
The coexistence of many of these characteristics at 
Mt. Owen in a situation closely resembling that of the 
Nevada orebodies suggested the possible existence of an 
auriferous horizon. 
163 
(a) Methods. The discovery of mineralization of this 
type can be achieved only by the recognition of geochemical 
anomalies, as described by Warren and Hajek (1973), who 
also used biogeochemistry with some success. A small-scale 
geochemical search program was included in the project to 
test the possibility of gold enrichment at Mt. Owen. Due 
to the limitations of laboratory time, the decision was 
made to analyse directly for a gold anomaly, with reconais-
sance sampling of the most favourable lithologies. Rock 
samples were collected from several horizons within the 
Owen Formation, one from the main body of the marble, and 
two from the Wangapeka Formation. All possible care was 
taken to avoid including obviously mineralized material 
from the samples. At some locations, this was difficult 
due to the abundance of small veinlets. 
Sample preparation consisted of fine grinding, and 
roasting to decompose sulphides. Some research was spent 
in selecting the optimum analytical method, and the results 
of this are presented as Appendix II of this report. To 
determine the very low levels of gold in rocks, radiometric 
methods such as neutron activation or isotope dilution are 
commonly used. As these methods require sophisticated 
equipment which is not locally available, a procedure based 
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on atomic absorption was devised. The essential features 
of this procedure are: 
(i) Sample attack and digestion by aqua regia. 
(ii) Analyte concentration from a large sample (50-100 
grams) by solvent extraction, using methyl isobutyl ketone 
(MIBK) • 
(iii, Determination by atomic absorption, calibrated by 
means of internal standards ('spiking') to overcome inter-
ferencesand non-atomic absorption. 
(b) Res s. With careful operation, gold concentra--...::..........;;:;...:...~ 
tions in the order of 10-3 ppm* may be successfully meas-
ured with the method used. Forquartz-rich rocks containing 
few acid-soluble components, standardisation is simple, but 
where large amounts of the sample pass into solution some 
difficulties are encountered with non-linearity, non-atomic 
absorption, and also with the solvent extraction process. 
When this work was commenced, the planned sampling and 
analytical program was much more extensive than the work 
subsequently carried out. Regrettably, the time involved 
in processing the samples proved excessive, and the program 
had to be severely contracted. The need for improvements 
to the extraction method for samples containing a high car-
bonate, iron, or other heavy metal content was indicated, 
and such improvements are recommended in Appendix II. Some 
* To avoid confusion of U.S. and U.K. billions, concentra-
tions are quoted in parts per million throughout. 
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of the high values reported from the highly calcareous 
samples may be erroneously enhanced due to the difficulties 
described above, and should therefore be treated with 
caution; planned reanalysis to check for errors was not 
possible. Values for slates and quartzites are presented 
with greater confidence. Repeat analyses for some of these 
samples indicate a reproducibility to within an error of 
0.0004 ppm at gold levels ca. 0.003 ppm. A summary of the 
results appears in table 5-2. 
The establishment of background values is difficult, 
mainly due to the lack of accurate data on the gold content 
of rocks. DeGrazia and Haskin (1964) quote values for a 
number of different rocks and recent sediments (table 5-3) 
and show that a relatively restricted range of concentra-
tions occurs for most materials except where significant 
inhomogeneity affects detrital sandstones. Warren and 
Hajek used a background of 0.005 ppm for soil samples from 
an area of volcanic arenites and mudstones in British 
Columbia. The concentrations indicated by the Wangapeka 
Formation samples and the unaltered mudstones of the Owen 
Formation suggest that a similar background could be 
applied to the Mt. Owen area. 
Without further analyses, it is difficult to establish 
whether or n,ot the higher values indicated at and near the 
sericite zone constitute a gold anomaly. This difficulty 
is due in part to the necessity of sampling a sequence of 
layered rocks of widely differing composition, and by the 
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fact that any widespread alteration probably occurs paral-
lel to this layering. Some uncertainty must remain regard-
ing the validity of the high gold results in Table 5-1 , 
although it is unlikely that all the values are exaggerated 
to the extent by which they exceed the lower background 
indicated by the other samples. From a consideration of 
the characteristics of the mineralization and alteration at 
Mt. Owen, and by comparison with the known Carlin-Cortez 
deposits, the permeable horizons near the base of the 
marble comprise the most probable host for disseminated 
gold mineralization. In conclusion it can be stated that a 
gold-enriched zone may exist, but no such zone of economic 
grade is indicated by the samples analysed. 
Some months after the field and laboratory work for 
this aspect of the project was completed, a commercial 
prospecting company examined the area, having independently 
recognised the potential for gold mineralization of this 
type after researching existing published and private 
reports which describe the geology_ Company staff visited 
the area and made brief excursions during which some 
sampling was done. The results of the subsequent analyses 
are not available, but no further work was done on this 
venture. 
To the best of the writer"s knowledge, no other ana-
lytical work of this type has been undertaken for research 
purposes within N.Z. There are many useful modifications 
to the approach taken in this project, if this topic is to 
be re-examined at Mt. Owen or elsewhere. These are: 
(i) An improved analytical method to overcome the 
difficulties and uncertainties of gold determination in 
acid-soluble samples (see Appendix II). 
167 
(ii) Examine gold distribution by biogeochemical 
means. Warren and Hajek (1973) indicate that plant ash 
may be enriched in gold by a factor of 50 to 100 times the 
concentration in the soil-producing rock. A similar 
enrichment occurs for arsenic and some other elements. 
(iii) Pursue a geochemical approach based on some of 
the other elements characteristic of Carlin-Cortez mineral-
ization which present fewer analytical difficulties than 
does gold, especially in areas of carbonate-rich rocks. 
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TABLE 5-2 Indicated gold concentrations in rocks from flIt. Owe 
Determination by atomic absorption as described in Appendix II 
Sample 
Dark quartzitic mudstone, Wangapeka Fmn. 
Dark carbonaceous muds tone, 11 II 
Massive Arthur Marble (middle) 
Impure Arthur Marble (basal) 
Beilby Quartzite, calcareous 
Sericite Zone, Owen Formation 
Calcareous slate, " " 
Dolomitic mudstone, " " 
Quartzitic mudstone, " " 
Gold (ppm) 
0.0030 
0.0043 
0.0023 
0.003 
0.0068 
0.066 
0.017 
0.0025 
0.0039 
(note 1) 
( " ) 
(note 1,2.) 
(note 2) 
( " 1 ) 
Notes: (1) Results possibly exaggerated due to highly 
calcareous sample. 
(2) Possible contamination by small scale vein materia 
TABLE 5-3 Averaged gold concentrations of some common rock 
types and sediments, as determined by neutron activation 
analysis. From DeGrazia and Haskin (1964). 
Rock Type 
Acid igneous and metamorphic 
Basic igneous and metamorphic 
Mid-Atlantic Ridge basalts 
Carbonates 
Shales 
Sandstones 
Pealgic clays 
Gold (ppm) 
0.0024 
0.0026 
0.010 
0 .. 0025 
0.0047 
0 .. 006 
0,,012 
± 0.0018 
II 0.0006 
II 0.0003 
" 0.0014 
" 0.0016 
" 0.0035 
II 0.007 
~---------------------------------------------------------------------------------
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IV. DISCUSSION 
Two types of veins have been distinguished on the 
basis of ore mineralogy. Different ore and gangue assem-
blages for these vein types reflects different chemical 
environments, and possibly different temperatures, of ore 
deposition. The invariant associatio~ of the base metal 
veins with the marble is the most obvious correlation of 
orebody mineralogy and host rock composition. Fluid inclu-
sion data (Ch. VII) suggests that the base metal veins were 
formed at higher temperatures than the other veins. This 
is consistent with the indications of much late-stage low 
temperature mineralization the auriferous quartz veins, 
which appears to have overprinted any high temperature 
characteristics by the formation of secondary inclusions, 
and possibly by sulphide and gangue replacement (see 
Chapters VI, VII, and VIII) . 
A sequence of mineral deposition which reflects gener-
ally waning temperatures and changing fluid chemistry can 
be recognised from paragenetic evidence of cross-cutting 
and replacement in the major gold-bearing veins of the Owen 
Formation, as follows: 
(i) An early phase of veining characterised by un-
mineralized quartz and dolomitic carbonate, sericite, and 
chlorite. 
(ii) A later phase of calcite and quartz with traces of 
base metal sUlphides. 
(iii) A third phase consisting of quartz, possibly with 
some calcite. The quartz is host to marcasitic pyrite, 
gold~ and traces of chalcopyrite. 
(iv) A final phase of hydrothermal deposition may be 
represented by cross-cutting veins of pure calcite which 
occasionally form drusy coatings on the walls of incom-
pletely filled fissures. A single specimen of acicular 
aragonite (UC 8883) in this form was found n~ar the Uno 
Creek workings. 
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The marcasitic pyrite is the only mineral group iden-
tified as a host to gold. The occurrence of marcasite as 
a hypogene mineral is not common, but examples have been 
recorded from the Freiberg ores (Germany) in Dana's System 
of Mineralogy, and from other localities by Newhouse (1925). 
Ramdohr lists 'melnikovite marcasite' as a poorly crystal-
lized form which rapidly tarnishes and develops sulphate 
efflorescence when exposed to air. This description is 
consistent with the observed characteristics of the samples 
from the Owen Formation, and also with Hector's impressions 
of the sulphides in the ore he saw being crushed. Combined 
marcasite-pyrite sulphide is recorded as a late primary 
mineral in the Renison Bell orebody (Tasmania) by Stillwell 
and Edwards (1943), who associate the appearance of this 
phase with the hypogene breakdown of earlier-formed pyrrho-
tite. This association has been confirmed in more recent 
times in other orebodies by Fryklund (1964) and Grove et 
~. (1972). 
Deposition of vein marcasite may be correlated with 
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the formation of disseminated marcasite in the surrounding 
sediments of the Owen Formation, the latter effect almost 
certainly being the result of pyrrhotite breakdown. As to 
whether any of the vein sulphide formed in response to in 
situ pyrrhotite breakdown is unresolved, as the existence 
of pyrrhotite as an ore sulphide is not entirely refutable. 
Although it appears unlikely that no trace of pyrrhotite 
would remain as inclusions or pseudomorphs, an exhaustive 
analysis of the mineralogy cannot be claimed, due to the 
lack of fresh ore specimens. Furthermore, the source of 
the magnetic concentrate from the crushing batteries remains 
in some doubt. Edwards' (1954) description of hypogene 
marcasite arising from pyrrhotite includes an observation 
that the onset of deposition of this type coincides with the 
appearance of hydrothermal carbonates, ' ••.• in which the 
excess iron of the pyrrhotite is accommodated'. The unmin-
eralized earlier deposits of quartz and ferroan dolomites 
may therefore originate during a period of pyrrhotite break-
'. . down in which the system was sulphur-d~ficient. Iron not 
stabilized as sulphide in the rock could pass into solution, 
contributing to the widespread development of the ferroan 
carbonates (see Ch. VI). The lack of iron in later carbon-
ates is consistent with the onset of sulphide deposition, 
suggesting that sulphur was then being added to the fluid 
system. 
The correlation of the mineralization sequences of the 
base metal veins and the auriferous veins is obscure. Host 
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rock composition appears to have been the dominant factor 
in determining deposition, as marcasite is absent from the 
base metal orebodies, yet cubic pyrite is abundant. A 
reasonable hypothesis is to consider sulphide deposition 
to have developed contemporaneously in both deposits. 
The complete sequence of carbonate and quartz depos-
ition within the area is undoubtedly more complex than that 
described, which may apply to only the later phases of a 
long history of hydrothermal alteration and deposition. 
The last sulphide phase, the marcasitic pyrite, is of par-
ticular interest in acting as host to the primary gold 
mineralization, a characteristic which is apparently un-
recorded for this sulphide in New Zealand. It is conceiv-
able that 'such auriferous marcasite may occur at epithermal 
gold-bearing localities elsewhere in Nelson, as the 
observers who recorded early mining information rarely 
attempted to distinguish different iron sulphides, and 
modern investigations may fail to identify the dimorph 
because of rapid and advanced oxidation. 
Additional discussion on the time and source of min-
eralization, gold distribution, and prospects for commercial 
operations is presented in Chapter VIrI. 
I. SULPHIDES 
GHAPTER VI 
EVIDENCE FROM SOME SPECIFIC 
MINERAL ASSEMBLAGES 
(1) Minerals of the Fe-S 
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(a) Pyrrhotite: Identification and Composition. Pyr-
rhotite survives only in the impervious dolomitic horizons, 
its former widespread occurrence in the Owen Formation being 
defined by sulphide pseudomorphs (Ch.IV). Specimens col-
lected for study were obtained from these few horizons, and 
may not be fully representative of the original suite. 
Initial identifications were made by reflection microscopy 
and confirmed by x-ray diffraction. 
Natural pyrrhotites occur in a large number of phases 
which differ in composition and crystal structure. A com-
prehensive review of the known phases, and their inter-
relationships is provided by Power and Fine (1976). The 
dominant pyrrhotite phases resulting from metamorphic and 
hydrothermal processes are the hexagonal and monoclinic 
forms, which may be distinguished by x-ray diffraction in 
accordance with a method established by Arnold and Reichen 
(1962), and later used and extended by other workers. 
Hexagonal pyrrhotites produce a (102) reflection which 
forms a single sharp and symmetrical diffractometer peak, 
the position of which is dependent on the metal:sulphur 
ratio. Monoclinic forms produce a split peak, correspond-
ing to reflections from (408), (228) and (408), (208) 
(Arnold, 1966). 
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A complete evaluation of the x-ray indicated structure 
and composition of the Owen pyrrhotites may produce useful 
information, but such an evaluation was considered beyond 
the scope of the project. Partial diffraction charts are 
reproduced (Figure 6 1), showing peaks in the d=2.1 A region 
which include the characteristic reflections described 
above. A split peak occurs with a spacing of approximately 
0.25 °28 (Co koc radiation). Together with other peaks, 
this forms a characteristic pattern for monoclinic pyrrho-
tite, for which calculated d spacings suggest a relatively 
sulphur-enriched form. Bulk composition of monoclinic 
pyrrhotite may be estimated by the method of Arnold and 
Reichen (1962) whereby sample heating is employed to pro-
duce hexagonal symmetry, and the metal content determined 
from the position of the resulting single (102) peak. 
Several pyrrhotite-bearing rock samples were heated. prior 
to crushing, to prevent oxidation. Heat treatment was 
maintained for 20 minutes at 500°C, a process similar to 
that found to be adequate by Wright (1966). Diffraction 
traces for the heat-treated samples are included in Figure 
6-1. Slow cooling destroyed the split peak completely, but 
quenching yielded a single sharp ~eak for which d=2.0566+ 
0.0018 A. If this is taken to be the true (102) reflection, 
53 52 5JO 28 
Heated to 500 °c . 
Hater quenched. 
Heated to 500°C. 
Cooled slowly_ 
Unheated. 
FIG. 6-1 XRD readouts for pyrrhotite from Enterprise 
Dolomite. (UC8879) Monoclinic symmetry is indicated. 
(Co k DC radiation, 1/2 0 / minute) _ 
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the lattice dimension converts to a composition of 
46.5±O.15 atomic % Fe (Arnold and Reichen 1962, Figure 1), 
indicating extreme Fe deficiency. 
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A further means of distinguishing the two dominant 
pyrrhotite forms is provided by the differing magnetic 
properties. The ferrimagnetism of the monoclinic form is 
distinct, and permits separation with a hand magnet. In 
contrast, hexagonal pyrrhotite is antiferromagnetic. This 
test may be refined for use with polished sections under 
the microscope, by applying a very fine slurry of magnetic 
powder and noting adherence to the pyrrhotites. A mag-
netic slurry was prepared and applied to several polished 
sections, following the method used by Carpenter (1974), 
who acknowledges the earlier work of Cameron and Van 
Rensberg (1961) where the preparation was used as a final 
buffing agent. The origin of the technique can be traced 
to work by Bitter (1931), who developed a magnetite powder 
method to investigate magnetic domains. Within the speci-
mens tested, no non-magnetic pyrrhotite could be detected, 
indicating that the mineral is present in wholly monoclinic 
form. Figure 6-2 shows a field of polycrystalline pyrrho-
tite with the adhering coating which reveals not only the 
equigranular foam texture but also a fine linear magnetic 
structure within each grain. The presence of these linea-
tions is apparently unrecorded in the literature, and no 
definite cause can be assigned. There is a number of 
possible causes, such as the presence of a lamellar inter-
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FIG. 6-2 Pyrrhotite (white) in dolomite, with an adhering 
coating of magnetite powder after treatment with a slurry 
for the detection of magnetic minerals. The pyrrhotite is 
shown to be of monoclinic form. The coating reveals indi-
vidual crystalline grains and a fine linear magnetic 
structure of uncertain origin. 
Polished section (PSS02), ppl. x130 Ue8890 
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growth of two phases (Bennet, et ale 1972), or fine twin-
banding (Nakazawa et al. 1975). A further possibility 
emerges from the original work by Bitter (1931), who 
detected similar linear fields on the surface of synthetic 
materials and identified linear magnetic inhomogeneities as 
the cause. A close similarity between the structures in 
Figure 6-2 and those illustrated by Bitter is noted. 
(b) Pyrrhotites: Geothermometry. Since early work on 
the pyrrhotite solvus (Arnold 1962), many complications 
have emerged, resulting in considerable uncertainty regard-
ing the application of geothermometry to natural phases 
(Barton and Skinner 1967). This uncertainty is especially 
associated with monoclinic pyrrhotite. Furthermore, the 
Owen pyrrhotite appears to be anomalously sulphur-rich, and 
has probably undergone advanced retrograde modification. 
For these reasons, no attempt has been made to derive 
numerical temperature estimates with this mineral. 
(c) Significance of the Fe-Sulphide Assemblage. The 
origin of the Owen Formation pyrrhotite from authigenic, 
stratiform pyrite is well established. The pyrite to pyrrho-
tite conversion is the principal record of a metamorphic 
event, yet the conditions of pyrite breakdown cannot be 
determined with sufficient precision to be of value in re-
constructing the metamorphic conditions during this event. 
The progress of knowledge concerning the thermal stability 
of pyrite may be seen as a classic example of the evolution 
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of an experimentally-determined concept from simplicity to 
complexity. Early work on the simple Fe-S system (Kullerud 
and Yoder 1959, Kullerud 1959) indicated pyrite to pyrrho-
tite transition temperatures of 743°C at 10 b pressure, 
and 575°C when the vapour pressure was only 2 mID Hg 
(2.6 x 10-3 b). Field evidence indicated that this trans-
ition could occur at lower temperatures, and experiments by 
Lambert (1973) showed the presence of additional chemical 
species in the system to be significant in this respect, 
not only by lowering the sulphur fugacity but also by alter-
ing the pyrite decomposition reactions. This effect was 
especially marked when both coal and water were added to the 
charge, producing conversion temperatures as low as 355~ 
at the system's vapour pressure. The pressure elevation of 
conversion temperatures remained relatively constant at 
ca. 16 Q C/kb. 
Although no limits to the physical and chemical con-
ditions of metamorphism may be defined from the sulphide 
assemblage, the breakdown of the Owen Formation pyrite may 
be seen as a response to: 
(i) Elevated temperatures. 
(ii) Lowered pressures. 
(iii) Major changes in chemical conditions serving to 
reduce the sulphur fugacity and stabilise pyrrhotite or 
pyrrhotite-forming intermediate species. 
All of these effects are envisaged as a result of granite 
intrusion and accompanying uplift of the adjacent rocks. 
1BO 
As indicated in Chapter IV, some dOuPt remains as to the 
time of pyrrhotite formation with respect to cleavage 
development. Decomposition of pyrite probably predates 
cleavage, and is contemporaneous with the growth of the 
pretectonic silicates (chloritoid, chlorite, etc.) Wherever 
pyrrhotite occurs in non-calcareous mudstone in situations 
where cleavage can be seen to form a moderate angle with 
bedding laminae, these laminae deflect around the elongate 
margins of the sulphide blebs. Conversely, the pyrrhotite 
in calcareous mudstone shows pressure shadow effects, 
possibly inherited from a more strain-resistant pyrite 
precursor. Graf and Skinner (1970) demonstrate that pyrrho-
tite flows plastically when stressed whereas pyrite shows a 
brittle response. No evidence of pyrite brecciation can be 
recognised in the specimens, and all the structures of the 
pyrrhotite blebs and the surrounding sediment are consistent 
with plastic flow (Figure 6-3). Wherever initiated, 
however, pyrite decomposition has proceeded to completion 
prior to the end of the cleavage-forming event. The sharp 
cut-off of pyrrhotite formation at the base of the marble 
demonstrates the restricting effect of this unit on the pro-
cesses operating beneath it. 
Evidence from the hydrothermal stage is the more 
abundant. The widespread conversion of pyrrhotite to mar-
casite and pyrite comprises the principal record of this 
period, but hydrothermal alteration almost certainly influ-
enced the characteristics of the pyrrhotite prior to marcas-
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(0) 
( bJ 
FIG. 6-3 (above) Pyrite pseudomorphs after pyrrhotite pseu-
domorphs of original authigenic pyrite, seen in rock of the 
sericite zone, 
(a) View perpendicular to cleavage. 
(b) View in plane of cleavage. 
Drawn from a stream boulder, twice natural size. UC8908 
FIG. 6-4 (left) Pyrrhotite 
blebs in cleaved, laminated 
mudstone. The dark mudstone 
laminae (hatched) show dis-
placement about the pyrrho-
tite (black), 'which probably 
predates cleavage. Viewed 
in the plane of cleavage 
(indicated) . 
Drawn from a stream boulder, 
twice natural size. UC8909 
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itisation. X-ray studies of the Owen pyrrhotite, although 
inconclusive, indicate an unusually sulphur-rich compos-
ition. With the exception of magnetic properties, this 
pyrrhotite shows close similarities with an anomalous mono-
clinic form reported by many authors and reviewed by Power. 
and Fine (1976). Such pyrrhotite is widespread and charac-
teristic of low temperature environments. The upper limit 
of monoclinic pyrrhotite stability has been established as 
above which the hexagonal form exists. Temper-
atures for the Owen rocks definitely exceeded this limit 
during hydrothermal activity, and the pyrrhotite assemblage 
probably developed in the hexagonal form. 
On cooling, the reaction~ 
hexagonal pyrrhotite + pyrite-monoclinic pyrrhotite 
may proceed at or below the 250°C inflexion point (Kisson 
and Scott 1972). Resulphurization as an agent of hydrother-
mal activity would have promoted this reaction to the extent 
that hexagonal pyrrhotite did not survive anywhere except as 
traces in the impermeable carbonates of the skarn zone at 
the granite margin, where both forms of pyrrhotite coexist. 
Reconstruction of the details concerning the resulphuriza-
tion episode is complicated by the uncertainty of the tim~ 
and rate of the recrystallization of the dolomitic horizons. 
Although the recrystallization process has ultimately 
reduced the permeability to the extent of creating a 
chemically closed system for the pyrrhotites, their compos-
ition has been altered to the sulphur-rich limit, but no co-
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existing pyrite formed. 
The pyrite-marcasite mineralogy has been described in 
Chapter V. Low temperature alteration of pyrrhotite is 
proposed as a primary cause of marcasite development, which 
took place as both in situ alteration of country rock 
sulphide, and hypogene deposition, probably in reponse to 
chemical buffering of the fluid system. The physico-
chemical conditions controlling marcasite deposition are 
insufficiently known to derive precise values for the 
corresponding hydrothermal phase. The indicated progression 
and overlap of the pyrite-marcasite depositional sequence 
and partial marcasite inversion suggests that this period of 
hydrothermal alteration spanned a wide range of pressure-
temperature conditions. The deposition and survival of 
marcasite does provide some limitation on temperature 
estimates. Experiments by Ramdohr (1969) show that marcas-
ite will slowly invert to pyrite above 350°C, but the 
mineral can be synthesized 'above 250°C'. Formation at 
lower temperatures is more commonly observed. Assuming 350° 
to be an upper limit for marcasite stability, no post-
mineralization event can have imposed higher temperatures. 
This reasoning therefore precludes the possible existence 
of the mineralization prior to the intrusion of the nearby 
Separation Point Granite. As the marcasite limit of 350° is 
probably too high, the evidence for the mineralization as a 
product of post-intrusive hydrothermal activity becomes dif-
ficult to refute. 
184 
(2) Minerals of the System Fe-Zn-S 
(a) Theoretical Considerations. Sphalerite is wide-
spread in the Owen Formation. This mineral commonly 
includes FeS as a solid solution to an extent determined by 
the temperature and pressure of formation or recrystallizd~ 
tion. The simple temperature dependence of the FeS content 
as proposed by Kullerud (1953) has long been abandoned for 
geothermometry purposes, and much research has been 
expended to determine the controls on sphalerite compos-
ition. This knowledge remains incomplete, particularly at 
low temperatures and with respect to the effect of chemical 
environment. Sulphur fugacity is known to be a major con-
trol on the FeS content, and most attempts at temperature-
pressure reconstruction based on sphalerite composition rely 
on the presence of coexisting pyrrhotite and pyrite as a 
sulphur fugacity buffer. 
(b) Investigation of Sphalerite Composition. Regret-
tably, no specimen from the Owen rocks can be found fulfil-
ling the above requirement. The widespread occurrence of 
pyrrhotite, however, may have provided some degree of buf-
fering. The only hand-specimen sized sphalerite samples 
available were from the base metal veins, and from one 
specimen (UC 8885, Silverstream Lode) small flakes of the 
mineral were removed for analysis. These flakes were 
examined with a binocular microscope and any material with 
metalliferous inclusions rejected. Four samples were pre-
pared in this manner, then dissolved in acid and the result-
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ing solution analysed for Zn and Fe by atomic absorption. 
As the required result was only the Fe/Zn ratio, weighing 
and quantitative solution preparation was unnecessary except 
for simple calibration standards, and a sample size of less 
than 0.01 gram was possible. Electron microanalysis 
facilities were not available at the time, and although the 
method used is considered to be of high accuracy, it will 
incur the disadvantages of bulk analysis in spite of the 
small sample size. 
The results were as follows: 
Sample 
It 
II 
1 
2 
3 
4 
7.0 
6.9 
10.4 
6.2 
mole % FeS 
II " 
n n 
" II 
(c) Discussion. In view of the analytical method, the 
values appear to be relatively constant; the high result 
for analysis (3) may be due to the inclusion of pyrite or 
chalcopyrite in the sample. Some degree of sulphur fugacity 
control may be implied.· The coexisting iron sulphide is 
exclusively pyrite, thus the local sulphur fugacity would be 
higher, and the Fe content of the sphalerite lower, than if 
pyrrhotite had been present when the sulphides developed. 
The pressure-temperature dependence of the Fe content 
of sphalerite has been partly clarified by Scott (1973). 
The FeS levels have been shown to be c.onstant between 300 0 
and 500 OC for pressures below 5kb in the pyrrhoti tel 
pyrite buffered systems (Figure 6--5). Although these data 
permit geobaric reconstructions within these limits (e.g. 
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Berglund, et ala 1974), the work of Scott cannot be exten-
ded for use at lower temperatures. An indication of the low 
temperature relationships is provided by work by Browne and 
Lovering (1973), wherein sphalerites from an active hydro-
thermal field (Broadlands, N. Z .) were examined. Approximat'e 
temperatures and pressures of formation were obtainable by 
direct measurement. Corresponding analyses show that the 
sphalerite pyrrhotite/sphalerite pyrite phase boundary de-
flects sharply to the low-FeS region between 250° and 280°C 
(Figure 6-6). The pressure values accompanying these data 
are low (ca. 100b) but nearly isothermal boundaries can be 
expected to follow this trend. The known pressure dependent 
changes in mole % FeS in sphalerite above 300°C are small 
(approximately 1.4 mole %/kb) compared to the temperature 
dependent deflection indicated by Browne and Lovering (less 
than 12 mole %). Below 300°, the pressure effect probably 
diminishes progressively. 
The absence of pyrrhotite in the Owen base metal 
deposits requires the sphalerites to plot to the right of 
Browne and Lovering's phase boundary, which if accepted as 
correct, will provide minimum formation temperatures. If 
the compositional range 6-7 mole % FeS is taken to be repre-
sentative of the sphalerite analyses above, the boundary 
curve implies a corresponding minimum temperature range of 
approximately 180° - 220°C. Unfortunately, these values 
must be read from the extreme lower end of the boundary, 
where the uncertainty of the data increases. Errors in this 
(J 
. 
~ 
'" 
700 
600 
~ 500 
~ 
D. 
E 
.. 
I-
400 
JOO 
t---r'---,-.-+-.--.--.,--'--r---r.-,.--.----.-,--.--+ 
22 20 ,. 14 12 10 
MQte % Fe S in spholerito 
FIG. 6-5 FeS Isobars for Sphalerite above 300°C. 
After Scott, (1973). 
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FIG. 6-6 Temrerature-Composition phase boundary for 
Sphalerite, Pyrite and Pyrrhotite at low pressures, below 
300°C. 
Adapted from Browne & Lovering (1973), Figure 3. 
temperature estimation may arise from: 
(i) Higher pressures for the Owen sphalerite as com-
pared with Browne and Lovering's calibration. 
(ii) A sulphur fugacity significantly higher than the 
level controlled by pyrrhotite/pyrite buffering. 
The effect of either situation will be positive, i.e. a 
higher temperature indication will result. Therefore, 
unless the phase boundary is seriously in error, the 
temperature range of 180° - 220°C may be accepted with 
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some confidence as providing a minimum deposition tempera-
ture. If the higher value of 10.4 mole % FeS is accepted 
as a true sphalerite composition, a varying sulphur 
fugacity caused by fluctuation of temperature, pressure, or 
other causes is implied, and deposition temperatures above 
approximately 260° must be envisaged. 
A further study of the Owen sphalerites is considered 
warranted, both to investigate the base metal ores by more 
extensive analysis, and if microanalysis is employed, to 
examine the small sphalerite inclusions in the disseminated 
sulphides. The sphalerite in the pyrrhotite may prove 
especially suitable, as sulphur fugacity buffering is sug-
gested by the pyrrhotite composition. 
(3) Other Sulphide Systems 
Other systems defined by the sulphides occurring in 
the Owen rocks are of little value in determining ,physico-
chemical conditions of deposition and subsequent history. 
Exceptions to this may be represented by some of the minor 
phases within the base metal ores, where several unmixing 
textures are preserved. Insufficient identification pre-
cludes their use for these purposes at this stage of the 
investigation. One may suggest that if the phases were 
identified, little data concerning their paragenesis 
would be available, due to the complex mineralogy of the 
fahlore systems. 
189 
190 
II. CARBONATES 
Introduction 
During the early stages of field work, a marked 
variation in the appearance of some vein carbonates was 
noted. Some were of a darker colour and were more weather-
ing-resistant than others, and showed a limonitic coating 
on weathered surfaces. Many of the deeply weathered vein 
outcrops showed porous limonite pseudomorphs of rhombohed-
ral carbonates. 
These characteristics and simple field tests 
indicated the presence of dolomites. X-ray diffraction 
determined both calcite and dolomite in vein samples, and 
also showed widely varying proportions of these two 
minerals in the country rock. Apart from very small 
amounts of siderite in the Beilby Quartzite, and a single 
specimen of vein aragonite (Ch. V), calcite and dolomite 
were the only carbonate minerals found. These carbonates 
are widespread in the project area, and comprise major 
rock-forming and vein-forming minerals. Their close 
association with the mineralization justifies more than the 
cursory report of their occurrence that has been given in 
Chapters II, IV and V. The carbonates have therefore been 
investigated with respect to their distribution and compos-
ition, and an attempt is made to use these data to eluci-
date the hydrothermal history of the rocks. 
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(1) Carbonate Mineralogy 
Dolomite will accept large amounts of Fe as a substi-
tution for Mg. The terminology used for carbonate min-
erals in this report follows a widely adopted recommenda-
tion by Goldsmith (1959) that dolomites with more than 20% 
Fe substitution for Mg be termedankerites. As the Owen 
carbonates span a wide range of composition, the term 
dolomite is used to cover all the double carbonates of the 
ankerite series where the specific composition is. unknown. 
Both Fe and Mg substitute for Ca in calcite, for 
which the corresponding adjectives ferroan and magnesian 
are applied where this substitution is significant. Mn 
also commonly substitutes for Ca in both calcite and dolo-
mite, but as shown below this effect is too small to 
require a modification of the mineral names. 
(2) Carbonate Geochemistry 
(a) Carbonate Systems: A Brief Outline. The carbon-
ates of concern to most natural rock and vein studies are 
those represented by the end members of a quaternary 
system; calcite CaC03 , magnesite MgC03 , siderite FeC03 , 
and rhodochrosite MnC03 • Analyses of Owen samples show 
contribution by Mn to be relatively insignificant (see 
below), thus the complication of a quaternary system is 
avoided, permitting evaluation in terms of the more common 
ternary system. 
Solid solution in the binary system CaC03 -MgC03 has 
been investigated by Harker and Tuttle (1955a, 1955b), and 
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Goldsmith et alA (1955). The aspect of interest in this 
system is the occurrence of magnesian calcite, which is 
known to be present in carbonates of organic origin and 
also from environments where calcites form or equilibrate 
at elevated temperatures in the presence of available Mg. , 
The system caC03-FeC03 ,has been similarly investigated by 
Goldsmith et ala (1962) and Rosenberg (1963), and a 
definite temperature dependence determined for ferroan 
calcites, which are not formed in low temperature environ-
ments. Continuous solid solution in the binary system 
Mgc03-FeC03 is known from the work of Rosenberg (1963b), 
but minerals of this series have little application to this 
project. 
A special solid solution series of the ternary system 
is represented by the dolomites, which have been investi-
gated chiefly by Rosenberg (1967, 1968). Members of this 
series undergo progressively increasing substitution of 
MgC03 by FeC03 with increasing temperature, but maintain an 
almost constant CaC03 mole fraction. Much remains unknown 
concerning the low temperature origins of dolomite, but the 
ankerite varieties are restricted to metamorphic, hydro-
thermal, metasomatic, and magmatic environments, except in 
,unusual sediments such as coal where both ankerite and 
siderite are common (Smythe and Dunham 1947) • 
(b) Measurement of Carbonate Composition. The 
relative ionic radii of the metals of the rhombohedral car-
bonates is as follows: 
Ca > Mn Fe Mg 
In the case of calcite, therefore, substitution by any of 
the other metals causes a decrease in cell size, with a 
corresponding increase in 20 reflection angles. Con-
versely, substitution of Mg in dolomite by Fe or Mn will 
increase the cell size, reducing the 2 fJ angles. Compos-
ition in terms of substitution by anyone element may 
therefore be determined by precise X-ray diffraction 
measurements. Appendix III contains graphs relating car-
bonate composition to (104) angles for Cu k~ radiation, 
taken from the data of various authors. 
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(c) ~ethod. Chippings were taken from a number of 
carbonate-bearing rock and vein samples from throughout 
the project area, although most samples examined were from 
the carbonate-rich Owen Formation. Carbonate vein 
minerals were almost completely restricted to this unit. 
A dolomite specimen from Mt. Burnet, N.W. Nelson, was 
included for purposes of comparison. The sample chips 
were ground to a fine powder from which smear plates were 
prepared for X-ray diffraction. Using Cu k~ radiation and 
medium slits, scans were made over the range 29° to 32° 29 
to measure the (104) reflections of the principal rhombo-
hedral carbonates. Goniometer calibration was carefully 
checked against the (101) reflection of quartz, which 
formed a minor component in most samples. The scan rate 
selected was O.So/minute. 
To check the extent of Mn substitution in all the car-
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bonates, and the ratios of Fe to Mg substitution in cal-
cite, small portions of some samples were dissolved in 
dilute hydrochloric acid and the resulting solution ana-
lysed for these metals by atomic absorption. The validity 
of such analyses is limited by the sample purity, as non-
carbonate inclusions may contribute the analyte metals, 
particularly in the case of dolomites where heating is 
required for dissolution. Some rock samples were analysed, 
in addition to the relatively pure vein materials, the 
carbonate content being considered as total acid solubles. 
The results were calculated to mole % values based on the 
major carbonate phase, and are tabulated below. 
(d) Results, All X-ray measurements are presented in 
Table 6-1, where peak shifts from the pure end-member cal-
cite and dolomite reflections are shown as 62B values. 
Peak positions are considered reproducible to within 
±O.005° for strong, sharp peaks, and at least ±O.Ol° for 
all others except where very imperfect peaks occur as dis-
cussed below. Where more than one carbonate is present in 
a sample, the relative peak heights provide an indication 
of the relative proportions of each mineral. 
of diffraction traces are given (Figure 6-8). 
Some examples 
A diagram-
matic representation of carbonate distribution; condensed 
from the data of Table 6-1 is given as Figure 6-7. 
TABLE 6-1 (104) Peak shifts . 
Xl:ID i'~o. Description and Location of Sample t.2t9cal. l::.219dol. Id/lc 
r-- -.- Biosparite, upperrno::;t Arthur Harble near OWen summit. UC8874 0.02 (b) C 
Uppermost Arthur IVlarble near trig , Fyfe River. UC8910 0.04 G 
Black marble interfingering with shales, Fyfe River. UC8911 0.025 C 
Nassive hrthur Harble above trig G. UCB912 0.03 C 
hassive Artnur Harble north of Fyfe B,iver. UC8913 0.05 G 
Lower Arthur IVlarble breccia, Byrne Stm. (i) Fragments UC8916 0.05 c 
AS above. Matrix UC8916 0.06 c 
Lowermost, laminated, fissile, ",rthur Harble, head of "Byrne Stm. UC8914 0.06 "'0 .. 03 b 0.06 
Beilby ~uartzite, trig C. UC8915 0.045(b) G 
Uppermost sericite zone, trig C. UC8917 N 0.07 b "J0.13 b >20 
As above, wall rock to sphalerite vein. UC8918 N 0.035(b) ""0.15 b,s 0.3 
SericiFe zone, £nterprise mine. UC8923 I.- 0.10(b-l-) D 
Carbonate lens above .bnterprise Dolomite, near mterprise mine. UC8924 0.04(bt) G 
14 I Carbonate lens containing pyrrhotite, Lower Spring ,Greek. (i) UG8927 (U 0.12 b G 
15 I As above. (ii) UG8927 0.OO5(bt) - G 
UC~28 0.16 '" 0 .10 b 0.5 1->' 
lO 
16 I Carbonate lens near mouth of Spring Greek. (i) 
TABLE 6-1 continued 
17 As above. (ii) 
18 i ~nterprise Dolomite, opposite mouth of Zealandia Creek. (i) 
19 I As above. (ii) 
20 I Carbonate-rich shale beneath dolomite, near Uno Creek. 
21 I Carbonate lens, mouth of Bulmer Creek. 
22 I Carbonate lens, Golden Crown mine. 
23 I Skarn zone marble containing garnet, near trig CK. 
'2.4 I As above, but from further west.No garnet. 
25 I Igneous dike, base of marble, head of Byrne strerun. 
26 I Mt. Burnet. 
Veins 
27 I Clear crystals fanning drusy infillings. Near trig C. 
28 I Vein in igneous diKe, Fyfe Hiver. 
29 I Vein in .deilby ctuartzite near Beilby mine. 
30 
31 
As above. 
As above. 
(i) Creamy caroonate 
(ii) Light milky carbonate 
UC8928 
UC8891 
UC8891 
UC8892 
UC8905 
UC8899 
UC8929 
UC 8<) 30 
UC8<)26 
UC8919 
UC8925 
UC8920 
UC8921 
UC8921 
0.05 b't "'0.11 b 0.4 
0.06 b O.lO(bt) 1.3 
0.16 b1 0.015 b1' 1. 0 
0.06(bt) 0.08(bt) 0.2 
0.06 b 0.145 b 1.0 
J\J 0.105b,s.? 0.153 bt 0.7 
0.0 (b1') C 
0.10 C 
N 0.15 b C 
0.017(bl» 0.133 >20 
0.032 C 
0.015 C 
O.052(b) 0.132 1.4 
0.042 0.095 b 0.05 
0.065 C 
~ 
to 
~ 
32 
33 
34 
35 
TABLE ~1 continued 
Vein from sericite zone, near Beilby's reef locality. (i) Creamy carbonate.1 0.06 
UC8902 
As above. (ii) Dark brown carbonate. InJO~125 S? 0.13 
UC8902 
As above. Light creamy veinlet. UC89031 0.085 
Clear crystals from late veins in Bnterprise mine. UC8S98 I 0.052 
Notes: 
All 2() values refer to true peak shifts, not 21) - 29standard. 
Symbols are as follows; 
Phase not aetected. b Broad peak. 
bt Broadened on high angle side. b~ Broadened on low angle side. 
s Split or multiple peak. ( ) ~ffects slight 
nJ Poor or weak peak, measurement approximate. 
Id/lc Ratio of l104) peak intensities for dolomite and calcite. 
C only calcite detected, D Only dolomite detected 
C 
1.2 
C 
C 
~ 
<D 
-.....J 
From the diffraction results, the following salient 
points emerge: 
(i) Only calcite and dolomite-ankerite phases are 
present. 
(ii) A large range in composition for both minerals 
is indicated by the peak shifts for both rock and vein 
samples. This range persists to a small scale, i.e. 
between samples taken from the same outcrop, and in some 
cases between samples taken from a single hand specimen. 
(iii) Calcite is the ubiquitous carbonate. The occur-
rence of calcite onlb is common, but almost all the dolo-
mitic specimens contained both carbonates. 
(iv) Peak broadening, often with skewness and in some 
cases peak multiplicity was exhibited by the reflections 
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of both carbonates in both rock and vein samples. For 
calcite peaks, these effects were most pronounced when co-
existing dolomite was present. All rock-specimen dolomites 
showed peak broadening, but most vein dolomites produced 
relatively well-defined peaks. 
The results of the chemical analyses are summarized in 
Table 6-2, and are discussed below. The most significant 
point to emerge from these analyses is the low Mn values, 
which indicates that the errors incurred by neglecting this 
element are very small. 
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FIG. 6-7 Lithostratigraphic distribution of carbonates 
in country rocks at Ht. Owen. Numbers refer to Table 6-1. 
o Calci te only 
• Dolomite only 
t) Calcite dominant 
() Dolomite dominant 
S Subequal proportions 
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(2 1) 
(1 9) 
(22) 
(17) 
{20) 
31 30 
FIG. 6-8 Diffractometer traces of (104) peaks of carbon-
ates from country rocks. 
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(30) 
( 29) 
31 30 
FIG. 6-8 continued. Diffractometer traces of (104) peaks, 
vein carbonates. 
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(e) Discussion. The peak characteristics described 
above are unlikely to be due to disordered 'protodolomites' 
(which are reported from Cretaceous and younger rocks 
Goldsmith and Graf 1958), and are almost certainly due to 
compositional variations arising from one or more of the 
following causes: 
(i) Original, pre-metamorphic compositional variations 
remaining due to incomplete equilibration during the period 
of elevated temperatures. 
(ii) Disequilibrium developed during cooling. 
(iii) Disequilibrium with material added by hydrothermal 
or supergene processes. 
Persistence of much relatively unaltered organic car-
bonate is suggested by the highly calcitic samples. The 
Arthur Marble specimens (1) to (6) form a characteristic 
group with small peak shifts. The very fine grain size, 
reflecting a micritic origin, is consistent with the homo-
geneity and attainment of equilibrium inferred from the 
sharp peaks of samples (2) to (6). Sample (I), however, 
is a biosparite containing coarse shell fragments, and 
shows peak broadening. Where solution effects are domin-
ant, as in the matrix of the marble breccia (sample 7), a 
greater degree of substitution is noted. 
Samples (23) and (24) are supposedly Arthur Marble, 
taken from the highly metamorphosed remnant at the flank 
of the granite at Trig CK. Sample (23), which contains 
garnets and other high grade metamorphic minerals, shows 
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a peak shift of 0.0°, the only sample to contain pure cal-
cite. One must assume that the metamorphic conditions 
prevailing have 'purified' the calcite, incorporating all 
Ca-substituting metals into stable silicates. Sample (24), 
taken from an outcrop further from the granite contact, 
contained no garnets and showed a comparatively large peak 
shift. The lower equilibrium temperatures have apparently 
been only sufficient to promote increased substitution. 
Dolomitization is restricted to horizons beneqth the 
marble, where the greater permeability was probably the 
most important control on this process. The interlayering 
of dolomitic and dolomite-free carbonate horizons is 
surprising, and illustrates that dolomitization was highly 
selective and incomplete. Such characteristics are indica-
tive ofsubse'quent dolomitization, which either resulted 
from, or was extended by, the hydrothermal-metasomatic 
events in the area. Dolomite is abundant within and near 
the Enterprise Dolomite unit, and also in parts of the 
sericite zone, from which the only sample of calcite-free 
dolomite was taken (sample 12). Enhancement of dolomitiza-
tion in the sericite zone by hydrothermal activity is 
probable, as prominent vein dolomite is found within this 
zone and the immediately overlying units. 
Coexisting calcite in the sericite zone shows only a 
moderate degree of substitution, and may result from late, 
low temperature deposition, or perhaps in some cases super-
gene material. In contrast, the calcites in the less 
altered dolomitic lithologies show a high degree of substi-
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tution. 
Chemical analysis was used to investigate the compos 
ition of the carbonate fraction of four country rocks and 
three vein samples (Table 6-2). The calcite-rich specimens 
were analysed for Mn, Mg and Fe, and the dolomite-rich 
specimens were analysed for Mn and Fe alone. These 
specimens also appear in the X-ray table (6-1) and the 
corresponding peak shift values are included in Table 6-2. 
In the case of calcite (analyses a-e) the change in lattice 
dimensions is seen to be a result of substitution by all 
three metals, Fe, Mg and Mn. The effect of Mn is very 
small, this element being present to a maximum extent of 
only 0.15 mole %. No data are available to show the effect 
on d spacings of combinations of different substituting 
elements, but as the two-component systems all exhibit 
linear plots of ~d vs concentration, it is reasonable to 
assume that the effect of such combinations will be addi-
tive. Thus, columns in Table 6-2 are included to show the 
X-ray predicted composition if the substitution were: 
(i) Mg only_ 
(ii) Fe only. 
In each case, the ~2B values appear too high. A further 
two columns list: 
(iii) total substitution represented by the sum of 
Mn+Mg+Fe carbonates. 
(iv) The expected ~2B value for this total substitution. 
This final peak shift value is much closer to the measured 
XRD 
No. 
(a) 27 
(b) 34 
(c) 24 
( d) 1 
( c) 2 
( e) 21 
( f) 10 
(g) 29 
TABLE 6-2 
Partial analysis of Rock and Vein Carbonates, 
For explanation of symbols see Table 6-1. 
All compositions expressed in mole %. GO~ 
'V~ 0 eO 
e \7 -<"e v'" 
111- Predicted x<{ 0 e;,'::';' '9,.1Z! 
Composition monosubsti t ution x+'0 0 v"'lZ! e'lT ~IZ!+ 
Description t·ln Mg Fe b.2B I)t M gCO 3 F eCO 3 ~""¢' 'IT ¢' +<),IZ! 'V~ ~'i)~ 
IZ! ~ 
iPure vein 0 .. 038 0.29 0.46 0.032 C 1.0 1.4 0.79 0.02 0.012 
calcite 
Ve1.n calcite 0 .. 15 1" 27 1 ,,37 0.085 C 2.7 3.7 2,.79 0 .. 07 0.015 
Marble near 0 .. 053 1. 56 0.88 0.10 C 3.2 4.3 2.49 0.065 0.035 
skarn zone 
Slightly 0.026 0.40 0.23 0 .. 02 C 0.7 0.9 0.66 0.015 0.005 
impure marble 
Slightly. 0 .. 029 0.67 0.39 0.04 c 1.3 1.7 1 .10 0.026 0 .. 014 
impure marble 
31 .. 8 (note 1) Carbonate 0 .. 23 n.d .. 0 .. 145 1.0 see text 
lens 
Sericitic 0.09 n.d. 43.1 0.13 >20 II II 
carbonate 
Vein 0.39 n.d. 37.3 0.13 14 II Ii 
dolomite 
Not es : 
* Calcite components calculated as carbonate, •• C0 3 
Dolomite components calculated as Ca •• {C03 )2 
1: Calculated as dolomite 
n.d: not determined 
N 
o 
U1 
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shifts, although these remain consistently high. A stand-
ard positive reading error incurred in the diffraction and 
peak measurement procedure may be included. Sample inhomo-
geneity is also possible, as separate powders were prepared 
for each analytical method. 
Analyses (f), (g) and (h) refer to the dolomite speci-
mens, of which (f) proved to contain a large amount of cal-
cite, and is therefore of use only to show the range of 
MnC03 levels. The results of the three specimens are 
calculated as mole % dolomite, and should be valid for (g) 
and (h) which contain only traces of calcite. 
The X-ray determination of natural dolomite compos-
itions is still subject to considerable uncertainty. The 
products of ideal experimental systems involving high temp-
erature synthesis have (104) peak shifts which show a linear 
relationship with Fe substitution. Such a plot has been 
verified and published by Rosenberg (1967). Natural 
ankerites, however, depart from this ideal correlation by 
showing excessive peak shifts at high Fe contents. Experi-
mental systems containing excess reactants in the form of 
several stable phases of the CaC03-MgC03-FeC03 ternary, 
produce dolomites which show more natural characteristics. 
Rosenberg attempted to synthesize dolomite end-members 
of a three-phase zone of the carbonate ternary (Figure 6-9) 
and obtained satisfactory results only above 350°C due to 
long equilibration tim~at lower temperatures. The 'result-
ing dolomites showed a progressive increase in Fe substi-
,." " 
tution with temperature, and also a progressive increase 
in CaC03 beyond the 50 mole % level. Such an excess of 
CaC03 has been reported in highly ferroan natural anker-
ites (Rosenberg 1960, Goldsmithetal. 1962) and appears 
to be one cause of the excessive peak shift. Rosenberg's 
(1967) plot of 'ideal' synthetic dolomites is reproduced 
below as Figure 6-10 (dashed line), with additional data 
from member ankerites (unlabelled circles). Also plotted 
is a point for the ankerite standard of the JCPDS X-ray 
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powder diffraction file, card 12-88, for which both compos-
ition and d spacings are accurately determined. These 
points, in combination with the invariant point for pure 
dolomite, CaMg(C03 )2' define the locus of a regular curve 
which deflects away from the linear plot of the 'ideal' 
ferroan dolomites. 
Analysis (h) was performed on vein dolomite of high 
purity which yielded no insolubles and showed a peak 
intensity ratio of I al 't lId I 't =14. When this sample c Cl e 0 oml e 
is plotted on Figure 6-10 the point falls very close to the 
curve described above. Sample (f) is obviously impure, 
containing large amounts of calcite and some sulphide. 
Sample (g), although almost calcite-free, contained only 
15% soluble carbonate, and much sulphide Fe is probably 
included in the analysis. For these reasons, no attempt 
was made to add the data from these samples to Figure 6-10. 
The three dolomite analyses indicate that Mn contents 
are low, the highest value of 0.39 mole % being recorded 
CaC03 Mg C0 3 
Subsolidus relalions in the system CaCOt-MgCO,-FeCO, at 450'C. D-
dolomile solid solution; C-ca.lcite solid solution; S~iderite-magnesite solid solution. 
Open circles, one-phase; filled circles, two-phase; and triangles, three-phase assemblages. 
FIG. 6-9 Carbonate ternary diagram and caption from 
Rosenberg (1967, Figure 1). 
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FIG. 6-10 Modified graph from Rosenberg (1967, Figure 2). 
The abscissa has been extended to accommodate the end-
member dolomites (Table 6-3) and a curve constructed 
through these and other points considered to represent 
natural dolomites. See text. 
for the vein sample, which probably reflects the order of 
Mn concentration for the 'open' hydrothermal system. 
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Both the range in dolomite composition and the peak 
broadening and skewness characteristics may be attributed 
to the combined effect of country rock equilibration, meta-
somatism, and hydrothermal deposition over a wide range of 
temperatures. As the peaks of the vein carbonates show 
little broadening and no skewness, these characteristics in 
the case of the country rocks are seen as evidence for both 
incomplete equilibration and continued carbonate reaction 
with other minerals and pore fluids as temperatures 
declined. 
The Mt. Burnet deposit consists of massive, metamor-
phosed dolomite, described by Bishop (1967) but not yet 
investigated by geochemical or petrological studies. A 
specimen of the quarried material (analysis 26) proved to 
be an ankerite of high purity and narrow compositional 
spread, as indicated by a very sharp, symmetrical peak. 
This marked contrast with the Owen samples may be attri-
buted to the differences in metamorphic history and geo-
chemical environments. For the Mt. Burnet material, an 
initial composition of relatively high purity and homogene-
ity, a long and relatively isothermal equilibration during 
regional metamorphism, and a low permeability and general 
lack of hydrothermal reaction are the probable distinguish-
ing factors. Bishop does not discuss the origin of the Mt. 
Burnet dolomite, but believes it to be pre-metamorphic. 
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The Owen dolomitization may have been either pre-metamor-
phic or syn-metamorphic, but the early characteristics are 
almost certainly modified and overprinted by the period of 
hydrothermal activity. 
(3) Carbonate Systems and' Geothermometry 
Reference has been made to the temperature dependence 
of the degree of substitution in both calcite and dolomite. 
The possible use of carbonate minerals for geothermometry 
has been recognised since the early work of Goldsmith et alb 
(1955) and Graf et ala (1955). 
(a) Dblbmites. Studies by Rosenberg have partly evalu-
ated dolomite substitution in this respect. He reports 
(1967) : 
'For natural compositions lying within the ternary 
system, the FeC03 content of dolomite might provide 
an approximate formation temperature for the 
three-phase carbonate assemblages and a minimum 
formation temperature for one- and two-phase carbon-
ate assemblages. However, these temperature esti-
mates will be highly imprecise, even where the 
MnC03 content is negligible due to •.•• the limited data below 450°C'. 
As far as can be determined, temperature-dependent relation-
ships between natural carbonates below 450° remain poorly 
understood at the time of writing. In a further publica-
tion, Rosenberg stresses that the presence of MnC03 affects 
the ternary system phase boundaries so as to yield apparent 
dolomite formation temperatures which are too low. In 
addition, the effect of excess CaC03 in the dolomite struc-
ture remains undetermined. 
The temperature-composition relationship of low-Mn 
natural dolomites is best represented by the graph of 
Figure 6 II, taken from Rosenberg (1968, Figure 1). The 
dolomite end-members of Table 6-3 (Rosenberg 1967) define 
the left-hand phase boundary along which lie the dolomites 
of maximum substitution. The curve is accurately known 
down to only 400°C, but the trend is indicated to 350 0 
where a sharp deflection to lower Fe compositions is evi-
dent. Using the 'natural dolomite' curve constructed in 
Figure 6-10" and neglecting Mn, a range of compositions for 
Owen dolomites is presented in Table 6-4. When this range 
is applied to Rosenberg's T-X graph, the Fe-rich members 
will fall near an extension of the dolomite boundary curve 
in the 350°C region (Figure 6 11). This may provide some 
indication of the maximum temperatures of major ankerite 
equilibration. 
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The above procedure is based on successive approxima-
tions and assumptions based on scant data, and the possi 
bility of large errors in the resulting temperature esti-
mates is therefore acknowledged. Until improved and 
extended data from carbonate systems are available, more 
precise geothermometry using these minerals is not possible. 
(b) Calcites. The temperature dependence of the level 
of substitution of Ca in calcite presents another possible 
geothermometer. Carbonate binary systems are well under-
stood (Harker and Tuttle I955~ Goldsmith ~t ala 1962, 
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Temp (0C) ~28 Composition (mole %) [28(,!!!) - 20,td, J FeCO, MgC03 CaCOa 
... __ .. _---"", 
350 not measured <25 
400 2.03 ±0.01 30 16.5 53.5 
450 1.950±0.005 33 13 54 
500 1.934±0.005 34 11.5 54.5 
550 1.890 ±O ,01 36 9 55 
Table 6-3 Data for end-member dolomites, taken from 
Rosenberg (1967, Table 1). 
600 
550 0 0 0 t:::. ., 
0- 500 0 0 0 0 t:::. t:::. ., ~ 
OJ D C '-:::J (; 450 0 0 0 0 0 + .... 
., 
0.. S E 
~ 400 0 
.' .I' 
.... ,,-
,,' ,/ 
.. " . .-/ 
t:::. ., 350 
.. , .... ~4' •• I'. -6, t:::. 
.. , 
300 
0 10 20 30 40 50 60 70 eo 90 100 
Mole % CoFe(C03)2 
Subsolidus relations on the join CaMg{CO,h-CaFe(C03h. D-dolomite solid 
solutions; C-Ca-rkh solid solutions; S--Ca-poor solid solutions. Open circles, one-phase' 
filled circles, two-phase; and triangles, three-phase assemblages. ' 
FIG. 6-11 Figure and caption adapted from Rosenberg (1968, 
Figure 1). The dolomite boundary, located by the data from 
the table above, has been extrapolated (dotted line). The 
trend of this boundary below 400 0 is indicated by the known 
trend of the adjacent boundary. These two curves should 
converge at lower temperatures; also indicated is the range 
of indicated dolomite composition for the Owen rocks and 
veins. The Fe-rich end of this range intersects the extra-
polated curve just below the 350 0 isotherm. The dotted 
curve and the composition range are the only modifications 
to Rosenberg's figure. 
TABLE 6-4 
Determination of CaFe(C0 3 )2 in Dolomites, 
using the curve of Figure 6-10" 
XRD No. 629* CaFe(C0 3 )2 mole % 
Rocks 
19 0.015 5 
8 0.03 8 
20 0.08 21.5 
12 0 .. 10 26 .. 5 
16 ·0.10 26.5 
18 0.10 26.5 
17 0.11 28.5 
10 0.13 33.,5 
21 0.,145 37 
11 0.15 37 .. 5 
22 0 .. 153 38 
26 (Burnet) 0.133 34 
Veins 
30 0.095 6.5 
33 0 .. 13 33.5 
29 0,,130 33.5 
* Peak shift 
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Rosenberg 1963), but little information dealing with calcite 
composition in ternary systems is available. Considerable 
uncertainty remains concerning the degree of substitution in 
the presence of other minerals. Harker and Tuttle (1955b) 
produced some limited data on the composition of calcites 
coexisting with pure magnesian dolomite, and an attempt to 
use these for determining metamorphic equilibration tempera-
tures has been made by Barron (1974). Barron's work, 
originally presented as part of a PhD thesis, represents the 
only qttempted application of carbonate geothermometry known 
to the writer. Regrettably, much of the reasoning in his· 
paper is unclear, but the method was considered worthy of 
close examination with the intention of adapting the pro-
cedure to obtain geothermal information from the Owen 
calcites. A careful examination of Barron's publication 
revealed a number of serious errors which have apparently 
received no attention in the succeeding literature. A 
brief criticism is therefore considered justified, commenc-
ing with an outline of the geothermometric method used, as 
follows: 
(i) Coexisting natural calcite-ankerite mixtures are 
analysed by X-ray diffraction, and peak shifts converted to 
maximum mono-substitution values (Table 5). The result-
ing FeC03 and MgC03 limits for the calcites are plotted as 
joins on a partial carbonate ternary (see Figure 6-12)·., 
(ii) Temperature points are added to the MgC03-Caco3 
margin of the diagram. These points are taken from Harker 
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Compositions of C<J.lcitc-ankeritc pail1l 
Samplo Calcite Ankerite Amended values 
numbers Ll20 FeCOs MgCOs Ll211 CaFe(COs)z FeC03 MgC03 
(mole %) (mole %) (mole %) (mole 'Yo) 
46225 0.78 2.5 4.3 2.15 44 2.3 1.8 
46226 0.88 6.5 10.5 2.22 21 6.6 4.,5 
46227 0.77 2.3 4.0 2.22 21 1.9· 1.5 
46288 0.83 4.5 7.8 2.22 21 4.5 3.4 
46118 0.79 2.8 4.9 2.22 21 2.8 2.1 
46229 0.83 4.5 7.8 2.21 24 4.5 3.4 
a Five figure numbers refer to specillH'ns in the coll(,ction of Sydney Unin·fHity. 
TABLE 6-5 From Barron (1974, Table I), with amended values 
added (right-hand columns). 
14 13 12 II 10 
Hot • .,. FeCOl In CAlcite 
Solid solution limits of FeC03 and MgCOs in calcites co-existing with dolomite-ankerite 
lit 400" C a.nd 500" C (solid lines). A-B represents the maximum substitution limits 9f MgCOa 
and FeCOa in the Sofah!. calcites and G-D represents the minimum substitution limits. The 
overlap of these compositions OCCUI1l along the line G-E which coincides with the SOIVUB 
&sotherm of 415" C 
FIG. 6-12 From Barron (1974, Figure 1). 
216 
and Tuttle's binary (Appendix III, Figure 2) and cover the 
range 300°-600°C, thereby requiring considerable extra-
polation to lower temperatures from the original data which 
terminated at 500°. 
(iii) Points are plotted for calcite end-members from 
Rosenberg's (1967) ternary diagrams for 400°, 450° and 
500°C. 
(iv) MgC03 isotherms are constructed between the three 
corresponding binary- and ternary-derived points. 
(v) Obscure reasoning then follows in which the cal-
cites with maximum and minimum substitution limits are con-
sidered to define corresponding ranges of possible equili-
bration temperatures which somewhat fortuitously overlap 
along a single isotherm, thus producing a temperature with 
a possible error limited to that arising from X-ray measure-
ment uncertainties only. 
Apart from the questionable validity of the final 
deductions, the work appears to be so affected by incorrect 
and inaccurate data that the results must be regarded as 
erroneous. Criticism of the principal defects may be sum-
marised as follows: 
(i) The maximum FeC03 in calcite values (Barron, Table 
1) are inaccurate. 
(ii) The MgC03 in calcite values (Barron, Table 1) are 
incorrect. Barron's table is reproduced as Table 6-5, 
together with amended values measured from Figure 1, 
Appendix III. That Barron's values are incorrect is 
immediately apparent when the MgC03 levels are seen to be 
greater than the FeC03 levels. As the ionic radii of the 
metals involved are known to have the relationship 
Ca >Fe >Mg, ~ MgC03 than FeC03 is required to give the 
same calcite lattice dimensions. 
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(iii) The use of Harker and Tuttle's T-X data for 
magnesian calcite introduces considerable inaccuracy, the 
original values being given to the nearest 0.5 mole %. 
Goldsmith et ?l. (1955), who published a similar plot and 
discussed its possible use for geothermometry, considered 
the curve to be satisfactory only for calcites where MgC03 
substitution is greater than 5 mole %. Barron's calcites 
all I below this limit. 
(iv) The values obtained by extrapolation of Harker and 
Tuttle's curve are doubtful. The curve becomes very linear 
below 550°C and to estimate the position by 'assuming a 
regular solution' (Barron 1974), considerable uncertainty 
must be incurred, which should be expressed by an error 
range in the nal result. 
(v) Measurements of ternary calcite compositions are 
described as being taken from Rosenberg's (1967) Figure 4, 
which is reproduced as Figure 4, Appendix III. Barron re-
plots these points on the partial ternary to the nearest 
0.1 mole %. To estimate the position of the three-phase 
triangle calcite apices to such a degree of precision is 
unjustified, especially as these positions vary between 
Rosenberg's own diagrams (Rosenberg 1967, Figures 1,3,4). 
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(vi) Barron (1974) does not consider the effect of 
MnC03 , nor even quote the degree of Mn substitution in the 
calcites, 
(vii) The experimental data are derived from systems 
which were rapidly quenched. No consideration is given to. 
the possibility of reaction reversibility and continued re-
equilibration during declining temperatures. 
(viii) A considerable spread in calcite composition is ex-
hibited by only six samples. As the total range of calcite 
composition is important to Barron's method, it appears that 
a greater number of analyses would have markedly altered 
the final estimation. 
This work cannot, therefore, be accepted as a model of 
calcite geothermometry for the Owen samples. The apparent 
reluctance of other workers to attempt such geothermometry 
supports the view that the data are inadequate for a satis-
factory understanding of the T-X relationships, particularly 
below 500°C where most hydrothermal carbonate suites origi-
nate, Further development of ternary data would be useful, 
especially for FeC03 substitution which has a higher compos-
ition vs. temperature gradient than that of MgC03 , (Appen-
dix III, Figure 3). 
The comparatively low degree of substitution for the 
calcites of Table 6-2 is not unexpected, as these samples 
were considered to represent low-temperature veins and 
relatively pure carbonate lithologies. The indicated cal-
cite sUbstitution for other veins and rocks (Table 6-1) is 
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also low, and if the T-X information from the CaC03-FeC03 
and CaC03 binaries is accepted as an appr.oximate indication 
of natural systems, one of the following processes is 
suggested: 
(i) Low Fe or Mg concentration caused a deficit of 
these metals in the systems in which the calcites deposited 
or equilibrated. 
(ii) The calcites suffered retrograde. equilibration at 
lower temperatures. 
In either case, the condition would be accentuated by Fe-
consuming reactions which would compete with calcite for 
the available Fe. As suggested in Chapters V, and VI pt I, 
such reactions may have been common in the Owen rocks. 
Operation of process (ii) is further supported by the indica-
tion that dolomites may be relatively metastable at moderate 
and low temperatures (Goldsmith et ale 1962). The rela-
tively pure vein carbonates would be less affected by either 
of the above processes, being formed in a chemical system 
which is comparatively open during deposition, and almost 
completely closed afterwards. No exsolution of dolomite 
(Goldsmith et ala 1955) was confirmed, and the peaks are 
sufficiently well defined to provide an accurate indication 
of substitution. If the depositional systems were not 
deficient in Fe and Mg, it would appear that most hydrother-
mal calcite deposition occurred at low temperatures, below 
approximately 200°C. 
Were there sufficient data available for satisfactory 
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interpretations, carbonate studies would be ideally suited 
to electron probe microanalysis. Determination of substi-
tutions within a single beam spot to avoid the contamina-
tion problems of bulk analysis would provide a useful 
support to ray analysis, and possibly promote a better 
understanding of the interrelation of coexisting natural 
carbonate minerals. 
(4) Aragonite 
As noted in Chapter V, a single specimen of vein 
aragonite was found near old mineworkings at Uno Creek. 
This mineral occurred as an open-space filling, producing 
drusy fracture coatings of acicular crystals. An origin 
from either late hypogene or supergene processes is 
possible, aragonite being known from both low-temperature 
hydrothermal suites,and those produced by secondary altera-
tion of ore deposits and dolomitic or other magnesian rocks. 
If hypogene, the deposition of this mineral probably repre-
sents a very late hydrothermal stage, the most favourable 
range of aragonite crystallization being regarded as 50° 
to 80°C (Deer, Howie and Zussman, 1962b). 
(5) Biaxial Calcite 
Thin sections of carbonate lithologies from the lower 
Arthur Marble and Owen Formation contained a number of 
calcite grains displaying a distinct biaxial character. 
This property was confirmed and measured with a universal 
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stage by David Shelley* (pers. comm.), who interpreted 
the occurrence as possible evidence of inversion of high 
pressure metamorphic aragonite. This view was proposed in 
a publication (Shelley, 1975), quoting the occurrence as a 
personal communication from the writer (this work). 
Shelley's interpretation was not supported by the writer, 
since lack of other evidence for such extreme pressure or 
burial was considered to conflict with, although not dis-
prove, the pre-existence of metamorphic aragonite. 
Biaxial calcite has been attributed to several other 
causes; these are now listed and reviewed by Turner (1975), 
who recognises strain as the only origin, and states, 
there is nothing to suggest that natural inversion of 
aragonite to calcite favours biaxiality in the latter'. 
* Metamorphic Petrologist, Geology Department, 
University of Canterbury. 
I II. SILICATES 
(1) Metamorphic Silicates 
(a) Wangapeka formation and Arthur Marble. These 
units show very little mineralogical alteration, which is 
surprising when the proximity and size of the nearby gran-
ite batholith is considered. Recrystallization, degrada-
tion of clay minerals and the growth of minor sericitic 
mica and rare chlorite are the only changes which can be 
considered metamorphic, and no useful indicator of 
pressure-temperature conditions is recognised. 
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(b) Owen Formation. Within the rocks beneath the 
marble, the range of silicate mineralogy is comparatively 
restricted, but evidence of thermal metamorphism is recog-
nisable. The following minerals are assigned to this origin. 
(i) Biotite. This mica is found only in the imper-
meable dolomitic horizons, ,and is occasionally abundant, but 
always subordinate to muscovite. Small biotite flakes, up 
to approximately 0.1 mm, are visible in thin section and 
cause a recognisable shift in the basal mica x-ray diffrac-
tion peaks. 
(ii) Muscovite. White mica is the most widespread sili-
cate within the Owen Formation, being common in all rock 
types. Except in hydrothermal veins, the grain size rarely 
exceeds 0.1 mm, therefore the mineral falls within the clas-
sification s~ricite (Winchell 1951). The extent of musco-
vite development during metamorphism is difficult to ascer-
tain. Deer eta!. (19620) conclude that muscovite is com-
paratively uncommon in thermal metamorphism, but is 
favoured by water-rich conditions. The bulk of the seri-
citic, permeable lithologies can be related to a history 
of alteration in which sericitisation was the principal 
reaction. 
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(iii) Chlorite. A metasomatic-hydrothermal origin also 
accounts for most of the chlorite occurring in the rocks of 
the Owen Formation, but some rare examples are characteris-
tic of thermal metamorphism. A stream boulder of carbon-
ate-rich mudstone shows porphyroblastic chlorite in thin 
section, wherein the porphyroblasts appear to enclose a 
fabric which has been cross-cut by a weak schistosity (see 
Ch. III). The outcrop is unknown, but the lithology is 
representative of the middle-to-Iower Owen Formation. 
Traces of chlorite seen in the Enterprise Dolomite and 
adjacent units may also have a thermal metamorphic origin. 
(iv) Chloritoid. This mineral is restricted to the 
extreme eastern exposures of the Owen Formation, near the 
summit of Golden Crown Hill where it occurs as porphyro-
blasts consisting of anhedral crystals, and radiating, 
twinned laths. The assistance of Dr. D. Shelley is grate-
fully acknowledged in identifying this mineral in thin 
section. X-ray diffraction produced a pattern consistent 
with this identification. 
A study of the occurrence of chloritoid by Halferdahl 
(1961) indicates that although a metasomatic origin is pos-
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sible, isochemical metamorphism to greenschist grade is the 
common environment of formation. Chlorition is recognised 
as an important marker of low to middle grades of metamorph-
ism (Winkler 1967, p.94), but very little is known regarding 
the minimum conditions of formation. Halferdahl sees chlor-
itoid as 'one of the earliest new minerals to develop in 
either regional or contact metamorphism', but indicates only 
an approximate correlation of the mineral's appearance with 
lower greenschist conditions. Although the effect of 
pressure is uncertain, formation temperatures exceeding 
ca. 380°-400°C are inferred. Chloritoid is a relatively 
uncommon mineral, developing in rocks of a restricted chem-
ical composition. Such lithologies are rich in A1 203 and 
FeO components, and contain little Si0 2 , CaO, .r.qlgO, or other 
alkalis. The occurrence at Golden Crown Hill is surprising 
in view of the abundant quartz in the country rock, and of 
the nearby dolomite-calcite lenses. The occurrence of 
chloritoid, as described and illustrated in Chapter III, 
appears to predate cleavage, and cannot be related to 
stress. This is consistent with Halferdahl's conclusion 
that chloritoid is not a stress-induced mineral, but con-
flicts with Grindley's (1971) report of the association of 
chloritoid with shear zones in other areas of Rangitatan 
plutonism. Local variations in the abundance of chloritoid 
in the Pikikiruna Schist have been attributed to differences 
in both bulk composition and contact metamorphic conditions 
(Ghent, 1968). 
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Chloritoid appears to be the highest grade metamorphic 
indicator occurring in the Owen Formation, common associate 
minerals, e.g. staurolite, being absent. The possibility of 
the destruction of such minerals must be considered, in view 
of the evidence of retrogressive metamorphism. 
(c) The Contact Z The thin strip of contact-
metamorphosed sediments at the western margin of the granite 
contains a high temperature 'skarn' mineral suite. Over 
approximately 100 metres, a progression may be traced from 
recrystallized marble to mafic~rich, foliated granite. 
Recognisable structure within the marble remnant indicates 
that sedimentary layering is orientated sub-parallel to the 
intrusive margin; the pattern of progressive alteration 
with decreasing distance to the contact is therefore compli-
cated by the original lithological variations. The rocks 
within this zone have been examined only briefly, and are 
considered to be of little importance to the mineralization 
or metamorphic history of the principal block of sediments 
further west. Thin sections revealed the following minerals: 
(i) In marble; garnet, diopside, epidote, muscovite. 
(ii) In schistose hornfels, closer to the granite con-
tact; biotite, ?clinozoisite, zoisite, hornblende, diop-
side, tremolite, sillimanite, scapolite, microcline, Ca-rich 
plagioclase, sphene. 
The foliated granite, which grades westward into diorite, 
contains characteristic biotite, hornblende, sphene and 
apatite and forms a thin zone traceable along the entire 
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length of the faulted western granite margin in the Owen 
area, irrespective of whether metasediments are present or 
absent. A marginal contact-assimilation zone is inferred. 
It is notable that major fault movement has followed this 
contact zone very closely. 
The lack of continuity of Paleozoic rocks between the 
granite and the goldfield is unfortunate. Further evidence 
from pelitic rocks within the intermediate aureole would 
have assisted the investigation of the metamorphic history 
of the Owen Formation. 
(2) Post-Metamorphic Silicates 
This section refers to the Owen Formation only, as the 
rocks from other units contain insignificant post-metamor-
phic minerals. Chlorite and white mica are the only sili-
cates which can be directly associated with the stage of 
hydrothermal deposition and alteration. The composition 
and distribution of these mineral groups has been investi-
gated by means of x-ray diffraction. 
(a) White Mica. The most obvious mineral ofhydrother-
mal association is sericite, which is abundant within and 
near the orebodies, and which defines the sericite zone 
(Chapter III). Diffraction patterns for the sericitised 
country rock closely resemble those of the more highly 
altered wall rock adjacent to the veins. The x-ray indi-
cated composition was that of muscovite, and although the 
polymorph type could not be ascertained, the 2M configura-
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tion is considered most probable. 
The distribution of the micas is illustrated by the 
low-angle diffraction data for a suite of specimens (Table 
6-6). Diffraction traces from a selection of these samples 
are reproduced (Figure 6-13), representing a range of rock. 
types extending from the Enterprise Dolomite, through seri-
,citised country rock to wall rock from the Enterprise Mine. 
These data are most readily appreciated by examining the 
° 10 A peaks of the six diffraction traces shown in Figure 6-
13. The uppermost trace (3) has a large peak at S.7° due to 
biotite; the other five, representing a sequence from seri-
cite zone country rock to vein mica, all show a prominent 
muscovite peak at S.S-S.9°. Samples from near the veins 
(6,S) show an additional peak near 9.2° due to coexisting 
paragonite, but coarse-grained mica intergrown with hydro-
thermal quartz and carbonate from the veins shows only mus-
covite peaks. Both Table 6-6 and Figure 6-13 show evidence 
of a progressive shift in the principal basal reflection 
peaks for the white micas with increasing proximity to the 
vein systems, indicating a compositional trend. Following 
the method of Zen and Albee (1964), the composition of 
white mica can be determined by interpolation on the mus-
covite-paragonite linear regression, using d(002) values. 
Composition is expressed as a ratio of interlayer alkalis 
(Table 6-6, column 5). Sericites from near the vein walls 
show a decrease in K in favour of Na (and/or Ca); coexist-
ing paragonites show an increase in K. The coarse vein 
Sample No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
TABLE 6-6 
10 ~ Peak XRD Data from Representative Samples, Owen Formation 
Description 
Chloritoid-bearing country rock, Trig GC 
Enterprise Dolomite 
" 
f! 
" " 
Chloritic carbonate above Enterprise Dol. 
Sericite zone, near Enterprise Mine 
" " " " 
II 
Wall rock, Enterprise mine. 
" 
!I 
" " 
Coarse vein mica, Enterprise Mine 
" 
.. II float 
"20(002)* 
(Mu) 8 .. 80 
(Bt+Mu) 8.80 
(Bt) 8.75 
(Bt) 8e75 
(fviu+B t) S .. 76 
(l\1u) 8 .. S5 
(NU) 8.85 
(Pa) 9.20 
(Mu) 8 .. S7 
(Pa) 9 .. 17 
(Mu) 8" 90 
(Pa) 9.10 
(tv1u) 8 e 90 
(Mu) 8 e 93 
Vein chlorite, Enterprise Mine - See Tables 6-8, 6-9 
t! 11 II 
Abbreviations: Mu~muscovite 
Dol-dolomite 
II , , 
" " 
pa-paragonite 
Cal-calcite 
* Assuming 2M stacking configuration. 
" 
Bt-biotite 
ChI-chlorite 
K 
d(002) K+Na+Ca 
10.05 "'1 
10 .. 107 
10.107 
9.99 0.92 
9 .. 99 0.92 
9.614 0.01 
9 .. 97 0.S5 
9.645 0.09 
9 .. 94 0.76 
9.72 0.25 
9.937 0.76 
9.904 0.69 
Qtz-quartz 
Other Minerals 
Present 
Qtz, Dol, Ctd 
" 
II tr. 
" " " 
" " 
It 
" Cal, ChI 
ChI 
Cal, Dol, tr .. Chl 
'I II ChI 
" 
II 
" 
" 
Ii 
" 
Ctd-chloritoid tr = trace 
tV 
N 
Q;) 
FIG. 6-13 Partial X-ray diffraction traces 
for. si.x. s<;l.IDoles .from the Owen Formation. ~;~ffi~I'!illl~iililtfifiifi'i'~~&~~~lee 
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N 
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micas, occurring as colourless to pale green flakes, show 
no paragonite peaks but consist of muscovite with extreme K 
substitution by other alkalis. The x-ray pattern for this 
mica is unlike any published patterns, possibly due to the 
highly paragonitic composition. The low-angle diffraction 
data for this mineral are presented in Table 6-7. 
(b) Chlorite. As described in previous sections and as 
shown in Table 6-6, chlorite is widespread in and near the 
sericite zone, and abundant in the vein systems, both as a 
constituent of the altered wall rock and as a vein mineral. 
A noticeable spread in the chlorite diffraction pattern 
characteristics emerged when many different samples were 
studied. An attempt was made to investigate chlorite compos-
ition by the method of Schoen (1962), whereby both peak 
position and peak intensity are considered as follows: 
(i) Structure factors are derived for the basal 001, 002, 
003, and 004 reflections, in accordance with the expression 
I = IFI 2 (L. P • ) 
where I = peak intensity, IFI = structure factor, and L.P. = 
. a combined Lorentz and polarization factor, which for a 
goniometer and powder mount is equivalent to 
( 
1 + Cos 2 2 (J ) 
Sin2e CosB 
and is therefore a function of peak angle. 
(ii) Ratios of F003/FOOI are compared with a table-of 
theoretical values calculated by Schoen, and new values 
obtained for these structure factors. This permits the com-
putation of a scale factor, i.e. 
FOOl (theoretical) 
FOOl (calculated) and 
F003 (theoretical) 
F003 (calculated 
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(iii) From these ratios (which should be similar in 
value), an average is taken and used as a multiplier to 
derive theoretical values for F002 and F004 " The values so 
obtained are applied to a table prepared from chlorites of 
known composition (Schoen 1962, Table 1) and the atomic 
Mg/Fe ratio found by interpolation. 
Using this method, compositions were calculated for 
nine chlorite samples (Table 6 9). The results are disap-
pointing due to the inconsistent values indicated by the 
final theoretical structure factor pairs. The cause of this 
inconsistency is not apparent, but possible sources of error 
are as follows: 
(i) Method. Schoen's method may not be applicable to 
all chloritesi absorption or enhancement effects may have 
occurred beyond the limits considered in earlier treatments 
of the subject. 
(ii) Measurement. An unidentified error may be incurred 
from the geometrical layout of the sample radiation and dif-
fractometer system. Careful checking of sample size, sample 
thickness, beam dimensions and goniometer calibration 
suggests that such an error is unlikely to exist. 
(iv) Compositional range. A variation in chlorite com-
position within each sample may have led to anomalous peak 
heights and peak positions, although this is unlikely to have 
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TABLE 6-7 
XRD data for Vein Mica, UC8897 
(See Tab12 6-6, sample 11) 
C> 
2/) Cu d .1\ k(l; 1 
8.90 9.94 45 
17.84 4.97 28 
26.85 3.32 >100 
Trace not measured beyond 31° • 
No other peaks in this range above 1=2 
TABLE 6-8 
XRD data for Vein Chlorite, UC8900 
( See Table 6-6, sample 12) 
O2 /} Cu kac. d it I 
6.23 14.19 21 
12.49 7.09 100 
18.82 4.715 34 
25.20 3.534 80 
Trace not measured beyond 28 0 
No other peaks in this range above 1=2 
XRD No. 
TABLE 6-9 
Fe/Mg content or Chlorites as estimated by the 
XRD method or Schoen (1962). Sample numbers are 
as given in Table ~-6~ 
Description 
No. or Fe atoms in octahedral 
positions. (Fe+Mg=12) 
F002 basis F004 basis 
2 Enterprise Dolomite 2.6 7.1 
4 
5 
6 
7 
8 
9 
10 
12 
* 
" 
II 
Chloritic carbonate overlying II 
·Sericite zone near Enterprise Mine 
it II Ii Ii II 
~'lall rock, Enterprise Mine 
II 
" 
Ii II 
* Vein mica. , Ii II 
Vein chlorite 
" 
II 
Trace of chlorite occurring with mica. 
3.2 6.0 
" 
4.0 312 
3.6 not measured 
4.6 ~12 
3.5 6.6 
2.0 4.7 
1.9 "'" 12 
4.6 12 
N 
W 
W 
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affected every result. 
The indicated compositions are therefore of doubtful 
value. The Fe levels indicated by the F004 factors appear 
unacceptably high, and the levels from F002 are probably 
the more correct. These results may be correct in propor-
tion, if not in absolute value. A calibration and test of 
the method would be possible if a chlorite of known compos-
ition was used as a standard. Such a chlorite was not 
available at the time of analysis. Sample 12 consisted of 
pure hydrothermal vein material, appearing dark green and 
pleochroic in thin section. A high Fe content is therefore 
expected. This sample produced a strong, sharp diffraction 
pattern, the data for which are given in Table 6-8 (cf. 
sample 13, Figure 6-13). 
(c) T~e Origin and Significance of the Post-Metamorphic 
Silicate Assemblage. The close association of the 
muscovite and chlorite with the veins indicates a hydrother-
mal origin for these silicates. Similarly, the compositional 
trends noted are consistent with hydrothermal activity. The 
widespread devel~pment of sericite is the principal evidence 
for pervasive K-metasomatism, the paragonitic mica near the 
veins being a product of local Na-metasomatism. Under such 
conditions, a large range of precursor minerals could have 
contributed to the formation of the sericite-chlorite assem-
blage. Feldspars and clays are the most obvious reactant 
minerals in this respect, and their absence from the Owen 
Formation is notable. Biotite is also absent, except in the 
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Enterprise Dolomite. Deer et al. (19620) indicate that the 
breakdown of biotite commonly contributes to the growth of 
both chlorite and sericite. Schwartz (1958) considers bio-
tite to be a sensitive indicator of hydrothermal alteration, 
being one of the first minerals to show the effect. Surplu~ 
iron may be taken up as sulphide. The absence of quartz in 
many parts of the sericite zone may be due to the same meta-
somatic process, and suggests either removal of silica or 
the introduction of alumina if a feldspathic protolith is 
assumed. 
(3) Discussion 
Evidence of the metamorphic event in the Owen rocks is 
poor, with no definitive indication of maximum metamorphic 
conditions. The known metamorphic assemblage only generally 
indicates lower greenschist facies. Some constraints on 
the geochemical environment may be inferred because of the 
absence of certain minerals. The rocks of the goldfield 
contain no evidence of the formation of many of the common 
silicates of thermally metamorphosed carbonate rocks. The 
absence of talc, tremolite, diopside, wollastonite, etc. 
indicates that PCO values were sufficiently high to stabil~ 2 
ise the reactant assemblage (Skippen, 1974). The stability 
field of the metamorphic Ca-Mg silicates is further restric-
ted by other mineral components. Gordon and Greenwood 
(1970) note a tendency for any available alumina and potash 
to favour the formation of chlorites and micas in preference 
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to other silicates. They report that I ••• even small activi-
ties of component KA1Si 30a are sufficient to eliminate the 
stability field of talc in favour of phlogopite'. Although 
no phlogopite has been detected in the Owen rocks, chlorite 
appears to be the stable Mg-silicate. 
Field evidence requires the biotite-chlorite-chloritoid 
assemblage to be a product of thermal metamorphism near the 
outer margin of the granite aureole. No evidence of earlier 
metamorphism can be recognised. Subsequent hydrothermal 
activity has undoubtedly obscured the evidence of earlier 
processes. The widespread metasomatism will have caused an 
overprinting effect, especially in the more permeable lith-
ologies. There is doubt as to which event some minerals 
should be assigned. Much of the finely distributed chlorite 
could be due to either late metamorphism, or metasomatism. 
In either case, the originating environment was relatively 
hydrous. As both thermal metamorphism and hydrothermal 
activity are considered to result from granite intrusion, a 
continuous process of rock alteration probably took place, 
with 'metamorphic', and 'hydrothermal' events being only the 
extreme end-members of this process. An embracing term to 
describe the net alteration may be hydrothermal metamorphism, 
as used by Coombs (1961), i.e. 'Reconstitution confined to 
zones through which heated fluids are observed or inferred 
to have moved. ' 
The later hydrothermal silicates are well preserved, 
and reflect the operation of intense Na-metasomatism near 
the active conduits. The paragonitic vein micas and the 
composition of coexisting muscovite-paragonite indicates 
the effect of loc elevated temperatures (Eugster 1956). 
Due to the complications of the chemical systems involved, 
and the limited thermochemical data, no numerical estimate 
of temperature is drawn from this assemblage. 
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CHAPTER VII 
EVIDENCE FROM FLUID INCLUSIONS 
Introduction 
The lack of good mineralogical temperature indicators 
and the abundance of veins at Owen prompted a search for 
fluid inclusions in an attempt to obtain some direct infor-
mation on mineralization temperatures. This was originally 
intended to be a brief investigation, but to obtain useful 
information the work had to be greatly extended to overcome 
problems of laboratory technique and data interpretation. 
This work now comprises a major part of the entire project, 
and has been the subject of some minor publications and 
conference papers (Newman, 1975, 1976, 1977). Appendices 
IV, V, and VI (this work) contain additional information 
concerning the partial analysis of inclusion fluid, thermo-
dynamic calculations for the fluid systems, and techniques 
of investigation. 
At the time of writing, studies involving fluid inclu-
sions remain uncommon, and this project is the first such 
study to be undertaken at the University of Canterbury. 
Because comparatively little is known about this specialised 
subject, a brief outline and discussion of the theory is 
given. Readers seeking a more complete introduction should 
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refer to the authors cited, and in particular the contribu-
tions by Edwin Roedder (1962b, 1967, 1972). 
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I. FLUID INCLUSION THEORY 
(1) Basic Principles 
Fluid inclusions are portions of fluid trapped within 
a mineral substance during its formation or reconstitution. 
They usually occur in the form of minute subspherical cavi-
ties a few microns in diameter, and rarely range up to naked 
• eye visibility. The host sUbstances are commonly crystal-
line hydrothermal minerals, which can trap inclusions when 
crystals grow or recrystallize. .Portions of a surrounding 
fluid phase are trapped, either internally as large ingrown 
defects, or interstitially as cavities at crystal inter-
faces. Vein minerals frequently exhibit a very high density 
of fluid inclusions, particularly in the case of quartz for 
which the common milky translucence is evidence of their 
abundance. 
When viewed at room temperatures, most fluid inclusions 
can be seen to contain a vapour bubble, which is formed by 
differential contraction when the liquid and host crystal 
cool from the temperature of formation. More than 100 years 
ago, the pioneering petrologist H.C. Sorby recognised this 
property as a means for using liquid inclusions as geother-
mometers (Sorby, 1858). This concept forms the basis of the 
homogenization method of geothermometry, undertaken by heat-
ing liquid-vapour inclusions and observing the disappearance 
of the vapour bubble with a hot-stage microscope adapted for 
the task. 
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The validity of all geologic evidence interpreted 
from the properties of fluid inclusions is primarily depen-
dent on the validity of a single basic assumptionj that the 
inclusions represent small portions of the original hydro-
thermal (or metasomatic) fluid, which have remained as 
closed microsystems since the time of sealing. 
This embraces a number of secondary assumptions, specific-
ally that none of the following have occurred: 
(i) Leakage of inclusion fluid. 
(ii) Reaction of fluid with host. 
(iii) Deposition or adsorption of fluid components. 
(iv) Change in inclusion volume. 
In the case of quartz (the only mineral used in this 
study) it can be demonstrated that these effects are usually 
absent or insignificant. 
(2) The Effect of Pre 
The hydrostatic pressure at the time of entrapment is a 
major factor which must be taken into account if the fluid 
inclusion geothermometer is to be properly exploited. Inclu-
sions at room temperature have a liquid-vapour phase ratio 
which is a function of the fluid density at the time of 
sealing, which in turn is determined by the coexisting tem-
perature and pressure, and also the fluid composition. 
Vapour filling of <50% at DoC is most common, but vapour 
contents up to 100% have frequently been recorded. 
The relation of inclusion phase ratios to liquid or 
gaseous sealing systems is illustrated by the two graphs 
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reproduced overleaf •. The first (Figure 7-1), from 
Yermakov (1965), shows calculated curves for the 'degree of 
filling' versus temperature for hypothetical inclusions 
containing pure water. A given liquid-vapour ratio initial-
ly at O°C will move up a path similar to one of the plotted 
curves as the temperature is raised. Those with more than 
68% vapour at O°C will proceed to the left, to a homogenous 
gas phase, while those with less initial vapour will advance 
to the right to homogenize as liquid-filled. Above the 
critical temperature (374°C) only the vapour state can exist. 
The compositional region about the 68% vapour point is 
termed the 'critical density'. On heating to the critical 
temperature, inclusions of this composition homogenize by 
phase boundary disappearance to vapour without progressive 
filling ('critical point homogenization'). 
Figure 7-2, taken from Roedder (1972), shows the phase 
ratios of inclusions of various degrees of filling, 
together with isobars and a boundary separating the two-
component and one-component fields. The inclusions repre-
sented were all sealed at 540°, but at different pressures. 
The diagram differs from Figure 7-1 in that the horizontal 
axis represents inclusion density, i.e. total mass/volume. 
The graph of Figure 7-2 appears in an earlier publication 
(Roedder 1967) with the horizontal axis erroneously labelled 
Vt/VL+VG" This expression, which describes the 'degree of 
filling' applies to the horizontal axis of Yermakov's graph, 
the abscissae of Figures 7-1 and 7-2 being equivalent only 
at the O°C points. 
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Percentage filling of inclusions wliJJ water 
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~ 
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50 
FIG. 7-1 Filling vs Temperature plot, drawn from experi-, 
mental data. Reproduced from Yermakov (1965). 
Total inclusion density 
FIG. 7-2 Density vs. Temperature plot showing the filling 
progress of five different inclusions. From Roedder 
(1972). See discussion in text. 
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To enable a better understanding of the two figures 
described, the data from both are combined in Figure 7-3, 
plotted on Roedder's axes. The paths from Yermakov's graph 
now plot as straight, vertical lines within the L+G field, 
terminating at the phase boundary at the corresponding homo-
genization temperatures and pressures. 
This dome-shaped boundary is termed the 'boiling curve' 
and describes the density of boiling water (right-hand side) 
or condensing vapour (left-hand side). Isobars show vapour 
pressures at the points of intersection with the curve. With 
respect to pure water, this curve marks the appearance of a 
second phase in cooling inclusions, the pressure and tempera-
ture conditions at the time of sealing having determined the 
density. Above the curve, where confining pressure exceeds 
equilibrium vapour pressure, compression of the fluid occurs. 
This results in a close isobar spacing at the dense, 'liquid' 
end of the fluid field (blue zone, Figure 7-3). Inclusions 
sealed in conditions above the curve will homogenize at the 
curve, at temperatures less than those of' trapping. 
Homogenization therefore merely provides a convenient 
measurement of inclusion density by showing the temperature 
at the 100% filling point. The sealing temperature can be 
determined only if the sealing pressure, and hence the dis-
placement above the curve, is known, thereby providing a 
positive correction for the homogenization temperature. The 
pressure value is commonly established by some independent 
means, e.g. depth of formation. Frequently, no pressure 
information at all or only minimum pressure limits are avail-
'Density' 
FIG. 7-3 Combined data £rom graphs by Yermakov and 
Roedder (Figures 7-1, 7-2). T = Critical temperature 
c 
of water. See discussion in text. 
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able, giving rise to corresponding minimum formation tempera-
tures. 
Unless evidence exists indicating that a set of inclu-
sions formed close to the boiling zone, the lack of pressure 
correction may result in serious errors if filling tempera-
tures are accepted as formation temperatures. From the con-
verging pattern of the isobars, it will be noted that the 
pressure correction is less at lower temperatures. Filling 
temperatures and pressures alone, however, are not sufficient 
for geothermometry. Fluid composition is the third important 
factor, as discussed in the succeeding section. 
(3) The Effect of Fluid Composition 
For simplicity, the discussion so far has dealt with the 
case of pure water; that is, the one-component system H20. 
Analysis of natural specimens shows this to be only the major 
component of more complex systems, as does sampling of active 
geothermal waters. In Sorby's time, crystalline solids were 
seen in fluid inclusions, and correctly interpreted as salts 
crystallised from the cooling, sa~urated fluid after trap-
ping. Much work has been done on identifying these minute 
crystals ('daughter salts') from optical studies and shape 
recognition. Oxides, sulphides, sulphates,and carbonates 
have been recorded but Na and K chlorides are by far the most 
common. Of these, NaCl usually far exceeds KCl, and total 
flui~ salinity is often quoted as NaCl equivalent. 
As solutes change both vapour pressures and fluid com-
pressibility from that of the pure solvent, the magnitude of 
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this effect must be known if pressure correction is to be 
applied to filling temperatures. The representative system 
H20-NaC1 has been studied in detail, and a set of graphs 
were prepared by Lemmlein and Klevtsov (1961) to determine 
filling temperature corrections (See Appendix V). 
At higher pressures, dissolved gases may become signif-
icant components. Both CO 2 and H2S assume this role, and 
simple hydrocarbons have also been noted in inclusions 
(Roedder, 1963, 1972). The combination of both salts and 
gases with water as inclusion fluid results in complex 
systems, which will be discussed in a following section. 
ion of Fluid 
Known methods are subdivided under the headings shown 
below. Discussion here is limited to a brief outline, but 
almost all these techniques are presented in detail in 
Roedder (1972), which is devoted entirely to the subject of 
inclusion composition. Technical data for the methods used 
in this project are included in the appendices. 
(a) Direct analysis. This involves opening the inclu-
sions and extracting the contents, and is limited to rela-
tively large inclusions if quantitative analysis of all 
major components is to be achieved. Practical difficulties 
are presented when minute quantities of material are 
involved, particularly for gaseous components. As with all 
microanalysis, contamination and detection limits are the 
restricting factors. Improved technology has greatly exten-
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ded the analytical limits, with mass spectroscopy, electron 
probe and neutron activation methods now being used. 
(b) Thermal cycling. Both heating and cooling methods 
can be listed under this heading, which covers all tech-
niques involving direct observation of inclusion contents. 
Ordinary observation at room temperatures can be regarded 
as a special case. A broad subdivision of observed effects 
is as follows: 
(i) Critical phenomena. True homogenization at a 
critical point is a rare occurrence, but inclusions covering 
a wide range of densities may homogenize very near the 
critical temperature (note the convergence of the homogeniza-
tion curves in Figure 7 1 and the corresponding flat top of 
the phase boundary, Figure 7-2). When critical point 
behaviour can be recognised, information can be gained 
regarding fluid composition. Some components, e.g. immis-
cible liquids, may exist individually pure enough to permit 
identification by the recognition of characteristic critical 
temperatures (see Table 7-1). The composition of simple two-
component mixtures may be measured from the elevation of 
critical temperature. The most common example of this 
effect is provided by saline water, where th~ rise in criti-
cal temperature not only permits the ~easurement of salinity, 
but also extends the useful limits of homogenization. If 
the critical point is observed, the salinity measurement is 
absolute; otherwise minimum values are indicated (Figure 7-4) . 
(ii) Subcritical Phase changes. When a fluid cools 
2h9 
4 6 
Weight percentage 
FIG. 7-4 Increase in critical temperature (tJ. T c ) for 
aqueous solutions of NaCl (or similar univalent salts). 
Taken from Yermakov, (1965). 
Table 7-1 Pure Substance Critical Temperatures of some 
Inclusion Components. 
H20 ..•.. D •••••••••••• H2 S ............ &G ••••• 
CO 2 • 0 ........... " .... ., .. It III \9 • 
Etfiane ... It III ......... a § •• 
Methane •............. 
374.2°C 
100.4° 
31.0° 
32.3° 
-82.1° 
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after trapping, phases other than vapour bubbles may appear. 
As the development of such phases may be delayed by super-
saturation, temperature measurements in practice are always 
made during heating, which therefore reverses the natural 
order of appearance. 
Daughter salts may appear before the vapour phase on 
cooling, providing an improved 'minimum' value for tempera-
ture, and also a corresponding pressure, as the salinity can 
be estimated from temperature-solubility data. Methods for 
identifying salt crystals are predominantly based on crys-
tallography, but for larger specimens optical properties can 
be used. When several salt species are present as crystals, 
these can often be distinguished by their order of disap-
pearance on heating, in response to their relative solu-
bility. 
Cooling cycles may nucleate liquid, vapour or solid 
phases. So many possible combinations exist that there is 
insufficient space in this treatment to describe them all. 
Roedder (1962a, 1963, 1972) records and discusses many 
types. Of some importance are the solid phases, which 
appear at low temperatures as 'freezing' products. The most 
common of these is ice, which reveals the solute concentra-
tion from the depression of freezing point. This is the 
basis of a standard method for establishing the salinity for 
Use in applying pressure corrections to filling temperatures. 
This method is prone to error, for dissolved gases may be 
present in concentrations sufficient to contribute signifi-
cantly to the lowering of freezing point (see Browne et al., 
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1975) . 
Higher concentrations of dissolved material may lead to 
the formation of hydrates, which, if distinguished from the 
ice, may provide useful information on the nature and con-
centration of the parent solutes. Halides and CO 2 are the 
most common hydrate formers in inclusions: CO 2 in this role 
is discussed later. 
(c) Miscellaneous methods. Some specialised, non-
destructive techniques do not fall into the two categories 
listed above, although they are occasionally combined with 
the methods outlined there. Infra-red spectroscopy is one 
such technique, whereby bonds characteristic of certain 
compounds are recognised in the inclusion fluid. Similarly, 
Raman spectroscopy uses back-scattered radiation, with a 
recent adaptation being laser beam excitation, 
giving an improvement in resolution and sensitivity (Rosasco 
et al., 1976). Finally, there are magnetic field methods 
for identifying magnetic or high magnetic susceptibility 
solids which sometimes occur as daughter products. 
(5) The Genetic Classification of Fluid Inclusions 
Most fluid inclusion . studies have as their objective 
the derivation of geothermal conditions at the time of seal-
ing. Application of the inclusion data to the original geo-
thermal system requires some knowledge of the age of the 
inclusion relative to that of the system. This relationship 
is embodied in the following genetic classification system 
for fluid inclusions, which was developed mainly by Russian 
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workers and defined by Yermakov (1965). 
(i) Primary inclusions. These are formed by the entrap-
ment of a portion of fluid at the margin of a growing 
crystal, and in origin are therefore contemporaneous with 
the host mineral. 
(ii) Pseudosecondary inclusions. Also known as primary-
secondary inclusions, these are formed by the entrapment of 
a fluid within a healing fracture, at some stage during 
crystal growth. The resulting inclusions are therefore con-
temporaneous with the growth -of at least some of the host 
material. 
(iii) Secondary Inclusions. The healing of fluid-filled 
fractures at some time after crystal growth produces these 
structures, which may develop at relatively low temperatures. 
Primaries are 'ideal' inclusions for use as paleogeo-
thermal indicators. Pseudosecondary inclusions have a simi-
lar status, but some difficulty exists in distinguishing them 
from secondaries, as both types mark the sites of healed 
fractures. The important genetic distinction between the two 
is that pseudosecondary inclusions form rapidly during a time 
-of active host deposition, whereas secondary inclusions form 
more slowly, spanning a greater range of temperatures. 
Where a fluid-filled fracture continues to heal after a 
vapour phase appears, some of the resulting inclusions may 
trap a vapour bubble which developed from an initially larger 
cavity. This process is illustrated by the accompanying dia-
grams (Figure 7-5) I originally published by Roedder (1962b). 
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FIG. 7-5 The formation of secondary inclusions. 
Upper: 'Necking-down' mechanism within an individual 
inclusion, producing secondary inclusions (a,b,c). 
These have filling temperatures both above and below 
the initial formational temperature T 5 . See accompany-ing text for full description. 
Lower: A healing fracture within a crystal producing a 
ane of secondary inclusions which finally assume 
negative crystal shapes. 
Both illustrations from Roedder, 1967. 
The same process may occur within individual inclusions 
having a flat or elongate shape, regardless of origin. 
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This is shown in part (i) of Figure 7-5, and is known in 
the literature as 'necking down', although the adoption of 
the general term 'subdivision' would be welcome. As shown, 
inclusion (a) homogenizes far above the trapping tempera-
ture T 5 , inclusion (b) fills between T4 and T3 , while (c) 
fills between T3 and T2 . 
Although this example illustrates that a great range of 
temperatures may be indicated, only inclusions of type (a) 
which trap a large vapour phase in a small volume yield 
erroneous filling temperatures greater than that of the 
initial formation. Where inclusion systems seal liquid-only 
portions, in the presence of vapour, (i.e. below the boiling 
cunve) the filling temperatures will equal the sealing tem-
peratures. Useful information, therefore, can be gained 
from secondary inclusions, if careful selection is used to 
avoid anomalous cases. 
When gathering inclu$ion data, it is important to dis-
tinguish primary and pseudosecondary inclusions from true 
secondary inclusions. Inclusion shape is not a good cri-
terion for this purpose. The 'subdivision' effect and the 
widespread occurrence of n~gative crystal faces forming 
inclusion walls, indicates that considerable redistribution 
of host material within inclusions of all types is common. 
Primary inclusions are often found in bands marking 
crystal growth zones or layers, whereas pseudosecondaries 
are restricted to the planes of healed fractures. Within one 
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sample, both types tend to have a constant degree of filling 
and salinity, and hence a constant filling temperature, 
Here lies the main distinction from secondary inclusions 
which have a much greater variation in all these respects. 
This criterion is difficult to apply when only poor material 
with few good inclusions is available. 
(6) The Present Status of Fluid Inclus~on Studies 
The early approaches to fluid inclusion studies repre-
sent a considerable over-simplification of the subject, and 
when later complexities emerged to reveal serious errors 
the technique fell out of favour as a temperature and pres-
sure indicator. A general lack of confidence persisted to 
the early 1960's, when sufficient data on inclusion systems 
began to accumulate to overcome the problems involved. 
This experimental work has evolved from early attempts 
to evaluate inclusion systems by studying the properties of 
pure water. The major advance was a comprehensive under-
standing of the system H20-NaC1, culminating in Lemmlein and 
Klevtsov's (1961) pressure correction graphs. The importance 
of volatile components has long been recognised, and experi-
ments were carried out with the principal member, CO 2 , After 
some work of limited value involving water plus salt, and 
water plus CO2 systems, all three components were combined as 
a ternary system H20-C0 2-NaC1, studied by Takenouchi and 
Kennedy (1965a). It is considered that this system most 
closely approximates natural inclusions, and data from these 
authors are drawn upon in the treatment of results in this 
project. Studies involving salts and CO 2 in inclusions are 
greatly assisted by the use of cooling stages, which now 
complement the more familiar heating stage. The work of 
Edwin Roedder has provided a major contribution in this 
field. 
256 
More recent fluid inclusion studies make great use of 
cooling equipment, and seek to evaluate the effect of a 
greater number of components. Hollister and Burruss (1976) 
investigated fluid inclusions from a metamorphic complex 
containing abundant graphite, and include methane as a com-
ponent, thus defining a quaternary system CO 2-CH4-H 20-NaC1. 
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II. RESULTS OF INVESTIGATIONS 
(l) Methods Used 
Many samples of quartz from the project area were 
collected from a number of veins, ranging from small 
stringers to the major lodes in which the mines were located. 
Suitable slabs were selected from the samples and prepared as 
for thin sectioning, but with the lower surface polished and 
the cover slip mounted with immersion oil. At this stage, 
examination under a microscope revealed the inclusion con-
tent. If the section proved suitable for further work, the 
upper surface was then polished and the section removed from 
the slide and cleaned by means of an alcohol bath. 
The resultant wafer, having both surfaces polished, 
could then be transferred to a special microscope stage for 
examination at varying temperatures. Both heating and cool-
ing stage apparatus was used (Appendix VI). Some thick 
quartz wafers were cut for an investigation of fluid inclu-
sion composition. This was achieved by crushing the wafers, 
leaching the soluble salts, and analysing by atomic absorp-
tion for alkali ionic ratios. This procedure is further 
discussed " and the techniques involved outlined 
in Appendix IV. 
Samples of carbonate and sphalerite from the veins were 
also seen to contain fluid inclusions, but these were too 
small to study. Quartz, being cleavage-free and colourless, 
proved much easier to prepare, and yielded superior images. 
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(2) Des'cri'pt'ion 'of Fl \lid Tnc'lus'i'oh'S' Ohs'erV'ed 
Initial examination of the samples was disappointing, 
as much of the quartz collected proved quite unsatisfactory 
for study, due to both the small size of the inclusions and 
the extreme development of secondary inclusions. Figures 
7-6 and 7-7 are low magnification photomicrographs to illus-
trate the typical distribution of inclusions in most of the 
initial quartz wafers prepared. These are representative 
of most Owen veins, with large numbers of inclusions less 
than 3 p in diamet.er,concentrated in lines which in many 
cases are obviously healed fractures. Alignment of such 
inclusion trails or elongate inclusions often defined a 
penetrative, planar microfabric seen in thin section, which 
could occasionally be related to fracture planes within the 
hand specimen. Extreme examples exhibit what can best be 
termed a fracture cleavage (Figure 7-'6). Similar examples 
on a much smaller scale may approach the status of Boehm 
lamellae. Intersecting, and possibly conjugate, fracture 
sets were frequently revealed by secondary inclusions 
(Figure 7-6b). 
Figures 7-8 and 7-9 show slivers of quartz at very high 
magnification, photographed by means of a scanning electron 
microscope. This reveals a great density of small inclu-
sions of a size extending down to the resolution limit of 
the instrument. Many of these inclusions would not other-
wise be recognised, due to the poorer resolution of an 
ordinary microscope. The inclusions clearly display smooth 
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FIG. 7-6 Typical massive vein quartz. Numerous secondary 
inclusions scattered along healed fracture planes. 
Intense, parallel development of such fractures resembles 
fracture cleavage. Some conjugate sets have been 
observed (lower). Rare primary or pseudosecondary inclu-
sions survive in less fractured zones. 
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FIG. 7-7 Inclusions in quartz veins. 
Upper: Sample LS-14. Quartz. (right) with secondary inclu-
sion trails marking a fracture set is cut by later calcite 
(left) which shows no inclusions. 
Lower: Sample LS-17, from a small quartz vein in undeformed 
quartzite. A large proportion of these inclusions are 
primary. Inclusions containing dark carbonaceous matter 
are also present. 
FIG. 7-8 Scanning electron microscope photographs of 
fracture surfaces of quartz from sample LS-13. The 
facility of good depth of focus at high magnification 
shows the opened inclusion cavities as sharp edged pits 
in the fresh fracture surfaces of small quartz shards 
broken from hand specimens. Thin sections indicate a 
predominance of secondary inclusions in this sample, with 
some rare primaries. 
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FIG. 7-9 Scanning electron microscope photographs, 
sample LS-13 (cont.). Alignment of secondary inclusion pits 
revea~ the locus of healed fractures. The smallest inclu-
sions show negative crystal shapes. 
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wall structures which are particularly difficult to define 
in transmission microscopy. Inclusions of dimensions less 
than approximately 3 p tended to present shapes of negative 
crystals, indicating a redistribution of the host material 
to achieve a low-energy, equilibrium interface. 
In general, the quartz from the larger lodes showed 
greater deformation and fewer large primary inclusions than 
that from small lodes and veinlets. This observation con-
forms with a concept of the major lodes being sites of more 
intense, and/or protracted shearing. The scarcity of large 
inclusions in deformed quartz supports the hypothesis noted 
by Roedder (1967) regarding the emptying of pre-existing 
inclusions by deformation, and the subsequent formation of 
secondary structures. 
A small clear crystal from sample LS-12, collected from 
a drusy cavity near the portal of the Beilby mine, was found 
to contain the largest fluid inclusions encountered through-
out the project (up to 50 f in diameter, see Figures 7-10, 
7 11). Many of the inclusions in this crystal were 
apparently related to healed fractures, yet have a constant 
degree of filling. These are classed as pseudosecondary 
inclusions, formed at a time of constant, elevated tempera-
tUre and rapid fracture healing which would prevail during 
the time of host crystal growth. As hydrothermal indicators, 
these inclusions have a status equivalent to primary inclu-
sions. 
The most favourable material for primary-type inclusions 
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'IG. 7-10 Inclusions in sample LS-12. 
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rpper: The polished wafer cut from a single clear crystal . 
. ower: Enlargement of area marked. A set of pseudo-
:econdary inclusions is shown, in which the 'bubbles' 
lroved to be liquid CO 2 . Negative crystal faces are 
risible. 
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appears to be those portions of veins which have escaped 
later stresses. These include some small veinlets, quartz 
grains within a softer matrix, and also drusy crystals such 
as represented by sample LS-12, described above. 
No crystals or 'daughter salts' were seen in any of the 
inclusions, thus one may assume that none of the trapped 
solutions were saturated with salts at room temperature. 
Because of delays in developing the apparatus, cooling 
studies were carried out after most of the hot stage work 
was complete. The initial cooling experiments produced some 
surprising results regarding fluid composition. As the 
temperature was lowered,most of the large inclusions devel-
oped another phase within what had been previously inter-
preted as the vapour phase. The two pre-existing fluids 
seen at room temperature were therefore immiscible liquids. 
In one sample (LS-17), three phases, i.e. two liquids + 
vapour, coexisted at room temperature. When gradually 
warmed, the liquid-vapour boundary exhibited critical point 
disappearance at 31.0 o ±O.5°, which coincides closely with 
the published critical temperature for liquid CO 2 . This sub-
stance, in the system H20-C0 2 , is known to be sufficiently 
pure to exhibit critical phenomena very near this tempera-
ture. (Refer Figures 7-12, 7-13, 7-14). 
This evidence, together with the similarity to other 
analysed inclusions (Roedder, 1972, and others) is consid-
ered sufficient for identification of the second liquid as 
CO 2 " 
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FIG. 7-11 Primary and secondary inclusions in sample 
LS-12. 
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(a) Detail of a large primary inclusion. No daughter salts 
are visible. 
(b,c) The same inclusion after heating and consequent de-
crepitation. The cavity, now filled by vapour only, appears 
dark in transmitted light. Focus on the upper surface re-
veals negative crystal faces and also the minute 'blowout' 
vent (arrowed) through which the contents escaped. 
(d) A group of secondary inclusions, showing uneven degrees 
of filling. (Limited depth of focus necessitated composite 
photographs) . 
(e) The same group after a heating run to 312°C. The follow-
ing sequence was observed (OC): 
No.2 filled at ca.140° followed by major leakage. 
No.1 filled at 180° followed by slight leakage. 
No.3 filled at 192° and immediately decrepitated. 
No.4 decrepitated without filling at 192°. (Coincident 
with 3). 
No.5 leaked without filling at 203°. 
No.6 Filled at 228°. 
b 
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FIG. 7-12 Primary inclusions in vein LS-17. The immis-
cible liquid is considered to be CO 2 (see overleaf) . 
, 
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(a,b,c) Three examples of two component, three phase inclu-
sions from this sample, all photographed at 7°C to reduce 
Brownian movement. 
(d) A similar inclusion, at 7°C. 
(e) The same inclusion, but at 31°C. The phase boundary 
in the second liquid has disappeared. Increased thermal 
agitation within the small inclusion to the upper right of 
the field has markedly reduced the image quality of the 
small bubble. The dark spot at the centre of all these 
exposures is due to dust in the optics of the camera. 
FIG. 7-13 Identification of phases in multicomponent 
inclusions, sample LS-17, as seen at ca.10oC. 
(a) Water-rich liquid, (Mainly water, with salts and 
CO2 ) . (b) CO 2-rich liquid. (Nearly pure CO ). (c) Vapour bubble. (Nearly pure C02)~ 
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FIG. 7-14 Diagram showing homogenization behaviour for 
hypothetical inclusions containing only CO 2 , Over the 
small temperature range involved, these characteristics 
remain valid for water-salt-C02 systems where immiscible liquids exist. The lines indicated represent paths for 
the CO 2 phases. (From Yerrnakov, 1965) 
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Photographs of these two-liquid inclusions at various 
temperatures are reproduced in Figures 7-15, 7-16. Photo-
graphy of small vapour phases is difficult due to the 
intense Brownian movement at room temperature. 
Cooling below ca.10°C generally reduces movement sufficiently 
for good images to be obtained. 
The inclusions illustrated from sample LS-21 (Figure 7-
16) are considered to be primary, but show widely varying 
phase ratios. This suggests inhomogeneity in the primary 
hydrothermal fluid, which can arise as a result of fluid 
cooling and unmixing during transport, as discussed by 
Takenouchi and Kennedy (1965a). The resulting water-rich 
and CO 2-rich inclusions represent mutual components of the 
water-salts-C0 2 solvus. ( discussed in part III of this 
Chapter I. 
A similar condition of varying phase ratios is produced 
in secondary inclusions by the sealing of portions of an 
unmixing fluid. This state is illustrated overleaf in 
Figure 7-17. The water-rich phase always surrounds the 
CO 2-rich phase, and wets the walls of the inclusion cavity. 
The CO 2 is drawn into globules by a strong surface tension 
effect, avoiding small interstices and narrow necks which 
are filled by any available aqueous phase. 
(3) Heating Stage Measur'elnents 
A summary of filling temperature measurements is shown 
below in Table 7-2. Nuch data was rejected as unreliable 
and not recorded in the table, resulting in a comparatively 
(0) (~ 
FIG. 7-15 Three inclusions from sample LS-12 (Beilby Mine 
portal) 
(a) At room temperature (20°C). 
(b) At reduced temperature (ca. 8°C). 
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These photographs, and those on the next page (Figure 7-16) 
show the nucleation of vapour phases in two-liquid inclu-
sions. Cooling was applied by means of spraying the 
section mount from beneath with a small jet of liquid CO 2 , from a commercial spray can. Vapour nucleation tempera-
tures, as determined with a cooling stage, were most 
commonly in the range 0° to +10°C. 
FIG. 7-16 Dual temperature, paired photographs of inclu-
sions from sample LS-21, at room temperature (left) and 
'chilled' (right). Reduced temperature causes a vapour 
phase to nucleate and grow, proving the original central 
feature to be a globule of immiscible liquid, identified 
as CO 2 . 
271 
• 
• 
10 J..l 
40).J. , 
FIG. 7-17 Development of Secondary inclusions (sample 
LS-21). 
(a) ,Upper: A CO 2 -rich inclusion with a narrow neck in 
which the small nydrous phase can be seen between two 
globules of liquid CO 2 " 
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(b), Lower: A thin, partially healed fracture plane viewed 
at a high angle. The subdividing inclusions clearly trap 
differing phase ratios, due to a falling temperature during 
the healing process instead of primary inhomogeneity. 
10 J.L , 
FIG. 7-18 The destruction of primary inclusions (sample 
LS-21) • 
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The above photograph shows a group of primary inclusions 
and a fracture-derived plane defined by secondary inclu-
sions intersecting the large primary in mid-field. The 
primary inclusions, being CO 2-rich, all developed vapour bubbles when chilled except Ehe intersected one, which 
proved to already contain a vapour and no liquid CO2 . The 
central inclusion is considered to have been initially 
similar to its neighbour to the right, but was cut by a 
post-depositional fracture which permitted its contents to 
leak and to equilibrate with the existing system - which 
was no longer rich in CO. Thus the inclusion - after 
re-sealing - has sufferea a change in composition, being 
effectively degraded from primary to secondary status. 
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small number of useful measurements for the number of samples 
prepared. No statistical treatment beyond a simple distribu-
tion graph (Figure 7-19) was attempted. The filling tempera-
tures are considered accurate within the error limits shown, 
but in some cases uncertainty exists regarding the primary 
status of the inclusion or the fluid composition, as indica-
ted by '7' symbols. 
Data from secondary inclusions has been included as this 
was the only information that could be obtained from some 
veins. Pseudosecondary inclusions have been included with 
primaries, as both types belong to the same growth and tem-
perature phase. All inclusions were checked for possible 
subdivision ('necking down') effects and those of suspicious 
appearance rejected. 
(4) Cooling Stage Data 
After much experimentation, a workable cooling stage was 
constructed, employing cold air as a refrigerant and a ther-
mocouple for temperature measurement. As with the heating 
stage, it was designed to attach to the existing stage of a 
petrological microscope, and is more fully described in 
Appendix VI. 
It was intended to use this stage to determine the 
freezing points of the inclusion fluids, and hence calculate 
the salinity for use in estimating a pressure correction for 
filling temperatures. Cooling runs with quartz wafers proved 
disappointing for a number of reasons. Firstly, small inclu-
sions failed to show freezing products, even at temperatures 
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TABLE 7-2 Summary of filling temperature measurements. 
* sample and Location Type Filling T. Composition 
(i) tvangapeka Formation veins 
LS-04: Prospect shaft east of P 308:::5 ? 
trig EH. 
LS-17: Small veins near prospect P 285=5 CO2 
shaft. P 290=-5 " 
P 327:::5 
" 
S ca.220 H2O 
LS-18: Approx 15m east of shaft. P 310±5 CO 2 P 332.:1:10 
" 
P 300:1:.5 II 
(ii) Owen Formation veins 
LS-Ol: Base metal veins south P 302±10 II 
of trig c. P 283:1:.5 
" 
LS-01: Small veins, Bulmer Ck S ca.225 H2O 
above Beilby Stream. 
LS-06: Uno workings. P? 350±10 ? 
LS-09: Golden Crown mine. P? 296±2 H2O? 
LS-I0: Silverstream shaft. P 237:1:.5 CO 2 
LS-12: Beilby mine portal P 302:1:.2 
" (single crystal). P 312±2 
" 
S ca. 268 H2O 
LS-21: Approx. 50m below P 286.±.5 COB 
Beilby mine .. S c.a.226 H2 
*' Notes: ~: 'P' denotes primary or pseudosecondary 
inclusions; '5' denotes secondary inclusions. 
Composition: 'CO?' indicates that a second liquid was 
shown to exist; H20' indicates the contrary. Where '1' is shown, the composition remains uncertain. 
Values marked 'ca.' for secondary inclusions represent 
an average filling temperature from a number of measure~ 
ments. 
All measurements in °C. 
A correlation of sample numbers with UC numbers is 
given in Appendix VII. 
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FIG. 7-19 Distribution of inclusion filling temperatures. 
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as low as -30°C. Some examples of continued bubble movement 
under these conditions were observed, which indicated that 
the inclusion contents were remaining liquid in a supercooled 
state. Even precooling plus rapid chilling by spraying with 
liquid CO 2 produced no detectable solids, which suggests that 
either liquid supercooling continued or freezing to clear 
'glass-like' ice occurred. Roedder (1963), in a major paper 
on fluid inclusion freezing studies, records and discusses 
both these effects. Inclusions of small size or unfavourable 
shape proved very difficult to work with in cooling stage 
runs, where the contents are always obscured by an enlarged 
vapour bubble. 
It is possible that most or all of these small inclu-
sions were of a secondary origin, as all the larger inclu-
sions cooled were seen to contain large amounts of CO 2 , with 
a third phase appearing as described in the previous section. 
A simple freezing-point depression treatment for the estima-
tionof solutes was therefore inadequate. 
Cooling to around -1°C produced a rapid development of 
solid material to form a 'rim' at the liquid-liquid inter-
face (Figure 7-20). Further cooling caused accumulation of 
solids within the aqueous portion of the inclusion, obscur-
ing the resolution of individual phases. The observed 
effects were recognised as low-temperature compound forma-
tion, characteristic of H20-C02 systems where the CO 2 frac-
tion is high enough to form an immiscible liquid. 
There can be little doubt that the solid initially forming 
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FIG. 7-20 A large, CO 2-rich inclusion from photographed at various temperatures during 
sample LS-12, 
a cooling run. 
(c) _2°. 
Two liquids only are present. 
The vapour phase well developed. 
A solid mass developed at the liquid-liquid 
interface. This solid is probably a CO 2-hydrate (see text). 
(d) -10°. Solids developing in the surrounding hydrous 
phase. 
(e) -20°. The inclusion contents are obscured by solids 
grown on the cavity walls. No visible change 
from this state was produced by further cooling. 
(f) 0°. Photographed during the 'melting' cycle, after the 
cooling was discontinued. The inclusion walls are 
now ice-free, but blades of CO 2-hydrate remain at the centre. The temperature rlse was too rapid to 
eliminate the possibility of metastable survival 
of solid phases. 
Note: Illustrations (a) and (b) are from a differ-
ent run to the remainder. Photographs taken at 
lower temperatures yielded inferior images to 
those observed during the actual experiment, due 
to problems caused by contraction and vibration. 
All temperatures were measured during warming 
cycles to overcome the supercooling effect. 
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was a CO 2- hydrate, as described by various authors in the 
fields of solution chemistry and fluid inclusions (Deaton 
and Frost, 1948; Larson,1956; Takenouchi and Kennedy,1965b; 
Roedder11963). This species, like other gas hydrates, is 
classed as a Crathrate compound by Barrer and Stuart (1957) 
who describe these phases as Ii ••• very open crystalline 
structures in water, metastable with respect to ice, but 
stabilised by inclusion of 'fillers' within cavities in the 
structures." The structural formula of the compound is 
widely accepted as 8C0 2 "46H 20, corresponding to the empiri-
cal formula CO 2 "S.75H 20. 
Some efforts were made to measure the highest tempera-
ture of clathrate stability within the inclusions, working 
with the best sample only, that of LS-12. This was achieved 
with the cooling stage by chilling until clathrate formed, 
then allowing the stage to warm up, and noting the point o£ 
last clathrate survival. Measurements during the cooling 
part of the temperature cycle were impossible due to marked 
liquid metastability. 
The clathrate last-melting temperature was found to be 
S.Oo± O.5°C, the large error estimate being due to the uncer-
tainty in visually detecting the true end-point of the melt-
ing reaction. 
Analysis of this and other measurements was' then 
attempted, by interpreting the observations in terms of the 
chemical system involved. 
III. TREATMENT OF RESULTS 
( 1 ). Data for 'the' 51st'ern 'at' High Temperatures 
There have been many studies of CO 2-water mixtures, 
but comparatively little is known of these systems at the 
temperatures and pressures of geothermal conditions,or in 
the presence of additional solutes. 
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At the time of writing, the only significant work of 
value in this respect is that by Takenouchi and Kennedy 
(1965a) on the solubility of CO 2 in NaC1 solutions at high 
temperatures and pressures. Although the experimental 
limits were 450°C and 1400 bars, and solubility runs were 
made at only 0, 6, and 20 wt% NaC1, the results provide a 
good understanding of the system over a range of conditions 
typical of hydrothermal environments. The main points emer-
ging from this study were: 
(i) The addition of salt greatly inhibits the solu-
bility of CO 2 in the solution. This is described as a 
'salting-out' effect. 
(ii) The solubility of CO 2 decreases as the concentration 
of salt increases, but the solubility curves retain a similar 
form to those for pure water. The graphed solubility results 
of these experiments are reproduced in Figures 7-21, 7-22, 
7-23. 
These data effectively establish the water-rich end of a 
set of solvus curves for the system (Figure 7-24), similar to 
Roedder's phase boundary diagram for water (Figure 7-2). For 
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C.P 
FIG.7-21 Curves expressing the solubility of CO in 
pure water as a function of pressure and temperature. 
Also shown are critical points (C.P.) for the resultant 
solution. Except at low pressures, CO 2 solubility increases with temperature. 
From Takenouchi and Kennedy (1965a). 
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Takenouchi and Kennedy's solu-
bility graphs for 6 and 20 wt. 
% NaCl. Although the general 
shape of the solubility curves 
is retained, the effect of the 
salt is to suppress both i, 
critical phenomena and solu-
bilities. 
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o 
~pper: The CO 2 solubility data for the 6% salt system 
expressed as partial solvus boundaries, at constant pres-
sure. Complete data is not available to delineate the 
crest region. 
FIG. 7-25 
Lower: A figure reproduced from Hollister and Burruss 
(1976) showing both the full solvus curve for 1 Kb pres-
sure and no salt, and a portion of the 1 Kb 6% salt curve. 
The other points refer to inclusions studied by the 
authors (see text). (Note:the figure uses mole %, 
not wt.%, CO 2 and has 0% CO 2 on the right-hand side of the plot) . 
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inclusions from both systems, the pressure-derived filling 
temperature correction reduces to zero if filling conditions 
are known to be represented by a point on the phase boundary 
curve. In the case of the ternary system, the solvus repre-
sents mutual saturation of the two fluid components. Over 
most of the range of geologically significant conditions re-
produced by experiments, CO 2 in saline water behaves as a 
• 
'normal' solute, i.e. a reduction in either temperature or 
pressure will cause a saturated solution to unmix into two 
fluids. 
As has been shown in the previous section, inclusions 
representative of the two unmixing products are preserved, 
providirig evidence that the fluid phase of the Owen hydro-
thermal system did achieve saturation with respect to CO2 " 
Inclusions representing the water-rich side of the solvus can 
be considered a 'normal' type of inclusion, having a compos-
ition corresponding to the principal hydrothermal fluid. 
These are recognisable as having around 12-15 wt.% CO 2 for 
the Owen inclusions (refer to Figures 7-10, 7-11). The 
other, minor, fluid component gives rise to CO 2-rich inclu-
sions, such as are shown in Figure 7-16. These inclusions 
show CO 2 contents varying from around 50-90%; this varia-
tion can be accounted for by local inhomogeneity at the time 
of sealing. As the aqueous phase always wets the walls of 
the host material, it appears that the CO 2-rich inclusions 
must inevitably be trapped as a mixture. 
Over the course of moderate cooling, depressurization, 
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or both, the parent fluids will remain mutually saturated 
and their individual compositions will remain on the solvus 
curve, this being the analogue of a boiling curve for a 
simple binary (water-halide) system. Homogeneous inclusions 
of either composition will be isolated from external pres-
sure changes on sealing, but will unmix immediately when the 
temperature falls. It is apparent that no pressure correc-
tion is required for these inclusions; as long as satura-
tion is maintained at the time of sealing, filling tempera-
tures equal sealing temperatures. 
This concept is readily understood from studying the 
results of Takenouchi and Kennedy's experiments. A search 
of the literature revealed that such a concept was developed 
prior to these experiments, by Smith (1953) and later 
expounded by Smith and Little (1959), apparently to little 
effect on fluid inclusion research. 
Takenouchi and Kennedy's solubility data can be put to 
greater use than merely to support the above postulate. As 
P-T-Composition data is provided for the system, an excellent 
opportunity is presented to evaluate the inclusion sealing 
pressure. 
(2) Data for the System at LoW' Temp'eratures 
Sealing temperature has been determined, thus only 
fluid composition is required to derive sealing pressure from 
the known solvus data. The liquid components are easily 
determined, as the immiscible CO 2 phase can be measured vis-
Ually (see Appendix V). Estimation of the dissolved salts, 
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however, requires the use of low temperature techniques, 
since the small volumes of fluid preclude direct quantita-
tive analysis. 
As with the high-temperature data, most experimental 
fluid studies investigating natural systems employed binary 
systems of either H20-C0 2 or H20-NaCl. Research of pub-
lished work on this subject indicates that to date, only 
, Larson (1956) has recorded the effect of dissolved halide 
on low-temperature carbonated systems. Although Larson's 
original data were unobtainable at the time of writing, 
these have been summarised on a P~T diagram by Hollister and 
Burruss (1976). A modified version of this graph is repro-
duced as Figure 7-26, overleaf. This shows the stability 
field boundaries of the phases ice, water, CO 2 liquid, CO 2 
vapour, and clathrate. Intersections of these boundaries 
produce two invariant points. Point (a) is where all the 
phases except CO 2 liquid may coexist. During a cooling 
cycle, this point would be marked by the appearance of ice, 
but would be of little value for investigating inclusion 
fluids, the first or last ice not being readily distinguish-
able from clathrate. Furthermore, the effect of salts on 
this point is not well known. Point (d) however, is buf-
fered by the CO 2 liquid-vapour boundary and is easily re-
cognised in inclusions, being marked by the appearance of 
clathrate when vapour is present. 
The curved field boundary between these invariant 
points has been shown by Larson to be displaced to the left 
by dissolved salts (curve f.). As this has a negligible 
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effect on the CO 2 liquid-vapour curve, the useful invariant 
point (d) is displaced downwards along this curve to lower 
temperatures. 
Larson notes that the presence of 1 molar univalent 
electrolyte (equivalent to 5.5 wt. % NaCl) lowers the tem-
perature of clathrate formation approximately 2°C. By 
reasoning that this temperature depression was due to a re-
duction of the chemical potential of water by the dissolved 
electrolyte, an expression was derived to account for this 
effect. The method of this calculation is recorded in 
Appendix V. The theoretical temperature depression for 1 
molar NaCl is found to be 2.4°C. As Larson's corresponding 
value is stated to be 'approximately 2°C I I . it is apparent 
that his measurements were not sufficiently precise to per-
mit a useful comparison with the calculated result. The 
quoted temperature for the invariant point (d) is 10°C, 
therefore a clathrate last-melting temperature of 5.0± 0.5° 
corresponds to a temperature depression of the same numeri-
cal value, 5.0±0.5°C. By calculation, this converts to a 
salinity value of 11.3± 1.1 wt % NaCl equivalent. 
(3) The EValuation of· Pressure 
To derive pressure values from salinity data, an iso-
thermal curve has been constructed for the specific system 
of the LS-12 inclusions at homogenization, vis. 312°C, 15 wt. 
% CO 2 " This is shown as a graph (Figure 7-27), wherein the 
accuracy of the curve is limited by there being only three 
data points available. The point at 2120 bars was obtained 
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FIG. J-27 An isothermal curve for inclusions from 
sample LS-12, showing fluid pressure at homogenization 
versus fluid salinity for a saturated system containing 
15 wt. % CO I prepared from the data of Takenouchi and 
Kennedy, (f965a). See text for details. For pr~ctical 
purposes, the use of the straight line plot Log P vs 
wt. % salt is recommended. The application of sUch graphs 
for the derivation of fluid inclusion data requires that 
a curve (or line) be plotted for the specific homogeneous 
system, for which the components are quantitatively 
determined, and the homogenization temperature known. 
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by extrapolation and may be theoretical, but was used for 
supporting the location of the plotted curve. The area of 
the measurements lies within the limits of the experimental 
data. 
This graph was used to obtain preliminary results for 
use in a paper read at a geochemistry conference (N.Z. Geo-
chemical Group, Auckland, May 1977) and later published as 
an abstract (Newman, 1977). At that time, the salinity 
value was applied per se and indicated a pressure of approxi-
mately 950 b. Later consideration revealed that a step in 
the calculation had been overlooked, resulting .in a pressure 
value that was too high. The salinity result of 11.3 wt % 
refers to only the aqueous liquid at low temperatures, but is 
distributed throughout the entire inclusion volume at homo-
genization. 
Assuming that: 
(i) The density of the homogeneous fluid does not differ 
greatly from that of the aqueous component under freezing 
conditions. 
(ii) The volume ratio of the two components at 5° does 
not differ greatly from the measured ratio at 20°C (18 vol. 
~ CO 2 ), The resulting salinity will be -
(11.3± 1.1) x ~~o = 9.3± 0.9 wt % NaCI equivalent. 
For the actual measurement of pressure from"salinity, 
it is more accurate to use a graph of Log p'vs Salt wt %, 
e 
which plots as a straight line (Appendix VI). The modified 
salinity value thus converts to a pressure of 790 bars. 
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Xhis figure must be accompanied by a span of error arising 
from the uncertainties of the measurements, which are dis-
cussed in detail and assessed in the next section. 
IV. DISCUSSION 
(1 ). Errorso'f Conc'ept 
(a) Fluid saturation. The fundamental basis for the 
derivation of temperature and pressure in this work is the 
concept of fluid saturation at the time of sealing. For 
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the inclusions which have been used for the principal 
measurements, there is good evidence for the existence of 
this situation. This evidence is found in the direct obser-
vations as recorded in this Chapter, and supported by 
experimental work. Theroretical considerations suggest that 
once achieved, saturation would be sustained as a 'self 
buffering' system throughout a considerable range of waning 
geothermal conditions. Anyone fluid from such a system 
could become undersaturated only if a process operates which 
consumes all the available complementary fluid. Such a pro-
cess could occur by: (i) Reheating, (ii) Recompression, 
(iii) Net increase of one component, or (iv) Net decrease of 
one component. For the Owen hydrothermal system, processes 
(i) and (ii) were probably negligible during the mineraliz-
ing phase, and (iii) is likely to be significant only at 
shallow depths where mixing with groundwater is possible. 
Process (iv) is largely unevaluated, but would be of import-
ance only where consumption of the minor components (C0 2 or 
salts) took place. Such a process would be controlled by 
fluid reactions with the host rock, and could be expected 
to achieve significance only where the fluid traversed a 
boundary of sharply contrasting rock types. No such bound-
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ary can be recognised at Owen; the almost ubiquitous car-
bonate-sericite mineralogy probably buffered the system 
with respect to these minor components (see Appendix IV for 
observations on dissolved salts in the inclusion fluid). 
The best indication of fluid saturation is the record 
o·f fluid unmixing I but as this evidence is available for a 
few inclusions only, this condition must be assigned to the 
remainder of the CO 2-bearing inclusions with a degree of 
uncertainty. 
(b) Sealing of a Homogeneous Phase. Similar phase 
ratios and homogenization temperatures for a number of inclu-
sions within the same sample is evidence this postulate, 
as previously described. Conversely, the presence of CO 2-
rich inclusions is required as evidence of fluid saturation. 
The scarcity of these latter features is probably due to the 
surface tension effect inhibiting the filling of small cavi-
ties by cO 2-rich fluid. The sealing of heterogeneous fluid 
in the inclusions used for the major measurements can be 
considered highly improbable, but this cannot be entirely 
discounted where single measurements are made. 
(c) Fluid Equilibrium at the Time of Sealing. Errors 
due to disequilibrium at sealing are restricted to those of 
fluid supersaturation. Cooling after homogenization under 
the microscope shows that this effect must be very small, as 
demonstrated by the phase nucleation lag. This amounted to 
an extreme of around 20~for the smallest inclusions 
studied, but less than 2 0 for the larger, CO 2-bearing inclu-
294 
sians. In the even greater fluid volume of the active vein 
systems, the degree of supersaturation can be expected to be 
insignificant. 
(d)' Fluid 'eq'uilihrium dU'r'i'n'g' lne'as\freln'e'rlts. At both 
homogenization and clathrate temperatures, it is possible 
that a small amount of low-solubility solute of the original 
fluid remained as an undetected, undissolved solid. At room 
temperatures and above, the only evidence to support this is 
the doubtful identification of sulphide crystais in some of 
the largest inclusions. At low temperatures, clathrate 
development obscures the inclusions, inhibiting the detec-
tion of any other solid phase which may develop on a small 
scale. If any such undetected solids were present at the 
time of measurement, this would lower the homogenization 
temperatures and salinity values, and thereby produce pres-
sure estimates which would be lower than true sealing pres-
sures. 
(e) Clathrate stability. This represents the part of 
the method which is least well known, being only roughly 
evaluated by experimental systems. Only approximate data 
areavailable for the invariant points for water (plus CO 2 ) 
and 1 molar electrolyte, the projected values for greater 
concentrations being entirely theoretical. This therefore 
provides the greatest possible source of error, the magni-
tUde of which must remain unknown until more information is 
available from experimental systems. 
(f) Additional gaseous compone'nts. Reference has been 
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made to observations by Roedder (1963) and Hollister and 
Burruss (1976) regarding the presence of inclusion vola-
tiles other than water and CO 2 , The black-shale type 
lithology could give rise to hydrocarbons, and if these or 
any other extra volatile constituent are present in the 
inclusion fluids the fundamental P-T interpretation must 
take this into account or incur error. The single obser-
'vation of critical phenomena for coexisting CO 2 phases, 
which was found to be very near the pure-substance value of 
30°C,suggests that extra volatiles are not present in sig-
nificant amounts. Proper analysis utilising mass spectro~ 
metry would be required to provide complete data on the 
volatiles present. 
(g) Inclusion All possible care was taken to 
select only primary or pseudosecondary inclusions for meas-
urements. As mentioned in (b), it is possible that some of 
the single measurements may refer to secondary inclupions. 
So far as the sealing of a single phase can be assumed, 
measurements made on secondary inclusions will provide 
valid information regarding the host system, although this 
system may be no more than a larger subdividing inclusion. 
This category would include the majority of secondary inclu-
Sions, the derived information referring to conditions at 
the time of sealing, post-dating the main hydrothermal 
event. 
(2) ErYors of' 
(a) Heating Stage Mea'sur'ei:nen:ts. The calibration of the 
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heating stage was checked by noting the melting points of 
pure chemicals. This indicated an error of +loC or less, 
when slow heating rates were used. The use of the silicone 
oil and a stage muff is considered to greatly contribute 
to this accuracy by reducing the thermal gradient between 
stage hotplate and specimeri (see Appendix VI) . 
Errors can also arise from the uncertainty of identi-
• fying the exact filling temperature. This difficulty is 
aggravated by small or obscured inclusions, but in the 
better examples this error reduced to around ±lo. The best 
measurements are therefore quoted in Table 7-2 as ±2°C, 
with larger errors for the smaller inclusions. 
(b) Cooling Stage Measurements, Recording the low 
temperature data incurred a relatively greater possible 
error than the heating runs. The use of a thermocouple and 
chart recorder for temperature measurement gave adequate 
precision, with an accuracy in the order of 0.1° indicated 
by freezing known solutions. A greater uncertainty in 
detecting the last melting clathrate increased the error to 
an estimate of ±0.5°C. As stated, this error converts to a 
gure of ±0.9 wt % NaCl equivalent. 
(c) Estimati'o'n'o'fthe CO2' Comtionent. The volume of the 
CO 2 globule was estimated as a percentage volume of the 
total inclusion. This was done by measurements from photo-
graphs taken at known temperatures, with corrections applied 
for the three-dimensional inclusion shape which was checked 
visually with a microscope. Th~ possible error of such a 
procedure is difficult to estimate; ±2% v/v has been 
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selected as an approximate value from the magnitude of the 
uncertainties involved. This value is retained as ±2% 
after conversion to wt.%, the final presentation thus being 
15 ± 2 wt.% CO 2 " The error associated with this value is 
the chief contributor to the total possible error in the 
pressure determination. 
The combined error from the salinity and CO 2 determina-
tions can be estimated graphically (see Appendix V) to 
produce a result of +205b, -175b, read to the nearest 5b 
interval. To allow for the graph reading uncertainty, and 
the corresponding homogenization temperature error of ±2°C, 
an additional 10% is considered justified, leading to a 
final pressure determination of 790b +225b As these 192b$ 
figures are obtained by reading linear increments on a log-
arithmic axis, the error span is not symmetrical about the 
pressure value. For approximate quotation, the error could 
be centred and rounded off to ±205b. 
(3) Interpretation of Results 
(a) Reconstruction of the Hydrothermal Environment. 
The correlative data from sample LS-12, used for the prin-
cipal measurements, can be summarised as follows: 
Temperature: 302-312°C 
+225b 
Pressure: 790b -192b 
Bulk fluid composition: aqueous solution of 15 ± 2 wt. 
% CO 2, 9.3 ± 1.1 wt.% salts,measured as NaCl equivalent. 
The solution was probably saturated with respect to CO 2 and 
unmixed during vein formation in response to a reduction in 
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temperature, pressure or both simultaneously. The unmixing 
product was a small volume of fluid of which CO 2 was the 
principal component. Semiquantitative analysis indicates 
the dissolved salts to be predominantly NaCl with lesser 
amounts of K and Ca compounds (Appendix IV). 
The above information was derived from a number of 
measurements from a wafer cut from a single crystal, and 
provides the only numerical pressure estimation. Of the 
remainder of the homogenization temperatures, many of those 
noted as having a CO 2 component may originate from saturated 
parent fluids, thereby requiring no pressure correction. 
The wide range of temperatures supports the concept of the 
veining activity spanning a wide range of geothermal con-
ditions, in general agreement with the mineralogical and 
field evidence. It appears unlikely that any of the meas-
ured inclusions are representative of the maximum tempera-
ture veining events. The single, clear crystal of sample 
LS-12 definitely post-dates the surrounding milky quartz 
which showed evidence of brecciation. There is a notable 
maximum of primary inclusions homogenizing within the inter-
val 300-332°C, which may record a final episode in a 
sequence of multiphase veining. Below 285°, the only 
primary homogenization recorded was at 237°, for a sample 
from the remote Silverstream lode. Secondary inclusions 
filled at temperatures from around 268° down to little more 
than room temperatures, but homogenizations below 200~ were 
not recorded. Although rare, poorly formed secondary inclu-
sions containing a CO 2 liquid were noted (Figure 7-17b). 
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These can be recognised as late stage structures which 
merely redistribute primary inclusion fluid. The CO2 liquid 
phase could not be formed in any secondary inclusions used 
for measurements, therefore these homogenizations must be 
regarded as uncorrected for pressure. If a 790bar correc-
tion is applied to the secondaries of sample LS-12, the 
indicated temperature at any salinity exceeds that of the 
primaries in the same crystal (see correction graphs from 
Lemrnlein and Klevtsov 1961, reproduced in Appendix V). 
This evidence, together with the lack of CO2 liquid in 
normal secondary inclusions, suggests that the confining 
pressure was substantially lower during secondary inclusion 
formation. 
(b) Depth of the Hydrothermal System. The magnitude of 
the fluid pressure in past hydrothermal activity is commonly 
evaluated by speculative estimation regarding the depth of 
burial. Alternatively, pressure-dependent mineral reactions 
may be recognised from the suite of vein or~~all rock 
minerals. For ancient, eroded systems, either of these 
methods may involve a very large degree of uncertainty. 
Both tend to indicate the maximum pressure event for the 
rocks, which is frequently not coincident with the hydro-
thermal event. 
Fortunately, fluid inclusions provide a direct, 
numerical pressure value for at least one veining phase of 
~ 
the Owen system. This value can now be used as a basis for 
models which attempt to reconstruct the depth of the former 
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activity. The true pressure-depth relationship for hydro-
thermal systems is more difficult to establish (to the same 
error) than for the deeper, metamorphic situations. Hydro-
thermal veining is a product of the flow of hot solu-
tions through fissures of various restriction and vertical 
extent. In the case of shallower systems such as hot springs 
and boreholes in modern geothermal provinces, the known 
channelways are usually free-flowing and emerge at the 
ground surface. A vertical column of water of the same 
temperature and composition is a satisfactory model for such 
occurrences. For the extinct systems represented by veins 
and ore deposits, an additional factor must be considered,-
the'degree of confinement' for the system. 
Consider the hypothetical situations illustrated 
below (Figure 7-28). This diagram depicts three possible 
emplacements of hydrothermal systems where fluid flow rates 
are negligible, within an ideal, nondeformational environ-
ment. The common depth horizon Dd' intersects all three 
systems. The pressure at this point will differ for each 
case. For (a), a relatively unrestricted column of fluid 
extends to the surface. The pressure at depth 'd' will be 
hydrostatic, determined by the depth and density of the 
fluid. If an upward flow exists, the pressure is not 
solely hydrostatic, possessing an additional hydrodynamic 
component which is~a function of flow restriction and flow 
rate. This extra component is contributed by lithostatic 
pressure from the host rock surroundings, transmitted via 
FIG. 7-28 A theoretical section of three possible 
hydrothermal systems, intersected by a common depth 
horizon'd'. The pressure at this level will differ 
for each situation, particularly between (a) and (b). 
Situation (c) involves hydraulic fracture. Refer to 
the accompanying text for detailed discussion of this 
diagram. 
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pore fluids which supply the hydrothermal ducts. Flow 
restriction is taken to an extreme in (b) where the fluid 
is considered to be completely enclosed, with no flow to 
the surface possible. The fluid pressure will be entirely 
lithostatic, approximately times that of the' hydro-
static system at the same depth. 
Most hydrothermal orebodies of shallow emplacement can 
be represented by some depth-pressure model intermediate 
between (a) and (b), but a further possibility exists as 
shown in (c). If the hydrothermal duct extends over a sig-
nificant interval and the upper portions are totally re-
stricted, lithostatic pressures from deep within the system 
will be hydraulically transmitted to the shallower zones. 
Thus the pressure at horizon 'd ' will exceed the litho-
static pressure for that depth in system (c). Total upper 
restriction is not required for this effect. The condition 
created is unstable, and is limited in magnitude and dura-
tion by the strength of the confining rock. Rock failure 
by this mechanism is termed hydraulic fracturing (Philips 
1972), and has been described from modern geothermal systems 
by Grindley and Browne (1976). 
The models described above are. ideal cases, most 
unlikely to be duplicated by nature. If hydrothermal 
systems are considered in a dynamic sense, involving move-
ment of fluids, accumulation of deposits, and fracturing of 
the host rock, the particular combination of factors for any 
one occurrence may be continuously changing, with consequent 
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fluctuations in fluid pressure. The three examples illus-
trated may be considered as. end-members of series of such 
factor combinations. Using the depth-pressure equation 
quoted by Miyashiro (1973}, i.e. 
Pressure (bars) = 98 x Density x Depth (km) 
- and applying the computed pressure of 790b to the three 
situations, results in the corresponding depth values of: 
(a) 8.0 km 
(b) 3.0 km 
(c) <3.0 km 
(Assuming fi1.uid density = 1) 
(Assuming average rock density = 
(" "" II 
2.68) 
II ) 
The result for situation (a) seems quite unreasonable. The 
existence of an unrestricted system over a vertical interval 
of 8 km is most unlikely, and such a depth is difficult to 
envisage in terms of known stratigraphic thickness, even if 
tectonic thickening is invoked. Case (b) presents a more 
realistic depth, as 3 km of sedimentary cover at the time 
of vein formation is conceivable, but would suggest some 
tectonic thickening. A model involving hydraulic pressure 
transmission as in (c) is supported by field evidence indi-
cating hydraulic fracturing, and the general geologic set-
ting of hydrothermalism marginal to an active granite 
batholith. 
The single sample which provides the basis for this 
discussion of pressure (sample LS-12) consists of small, 
clear quartz crystals formed in the voids of brecciated 
vein quartz, and associated with minor base metal mineral-
ization. This sample may be interpreted as representing a 
stable period of mineral deposition, following an event of 
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intense fracturing which was almost certainly accompanied 
by a sharp reduction of pressure. This interpretation indi-
cates a fluctuating fluid pressure which at times exceeded 
the value derived from the sample. Clearly, the evaluation 
of depth from a single value of pressure remains complicated 
by the limited information. For hydraulic fracturing to 
commence, the fluid pressure must exceed the least compres-
sive stress by an amount equal to the tensile strength of 
the lithology involved. Periodic hydraulic fracturing would 
result in pressure fluctuations of the order of only a few 
tens of bars, so long as major openings to the surface were 
not produced. 
From the evidence available, the best interpretation 
appears to be that in which the indicated pressure of 790 
bars is considered to be not greatly less than that which 
caused hydraulic fracturing. In this situation, the meas-
ured pressure would be expected to closely follow litho-
static pressure, inferring a depth of approximately 3 km. 
The relationship of mineralization, pressure fluctua-
tion, and hydraulic fracturing are discussed in Chapter VIII. 
(c) The Effect of Fluid Composition in the Hydrothermal 
Process. The composition of the hydrothermal fluid 
has been evaluated by a number of approaches. The dissolved 
salts have been investigated by crushing and leaching to 
derive relative abundances of the principal alkalis. 
Sodium, potassium and calcium chlorides are present in the 
usual order of abundance, with sodium predominating in all 
cases. The full report of this work is confined to Appendix 
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IV. For the specific case of sample LS-12, total dissolved 
salts were estimated as 9.3 wt.% as NaCI equivalent. For 
the same inclusions, CO 2 was estimated as 15 wt %, and 
observed in similar proportions in the inclusions of many 
other samples. 
Takenouchi and Kennedy (1965a) described the water-C0 2-
salt fluids as 'extremely corrosive' at high temperature and 
pressure. This effect was sufficient to force the termina-
tion of measurements, due to the deterioration of their 
stainless steel equipment, accompanied by the growth of 
siderite crystals on the walls of the autoclave vessel. As 
this system closely approximates the fluid of the Owen, and 
many other hydrothermal situations, one may speculate on 
the effect in the natural environment. It is apparent that 
such a fluid contains chemical species of considerable 
chemical activity, and may be an important agent in promo-
ting the hydrothermal effects. Although ore transport 
chemistry will not be debated in detail in this work, the 
following observations seem pertinent at this point. 
Laboratory and mineralogical studies indicate that most 
hydrothermal ore minerals are transported as either chlor-
ides or sulphides, probably in complex species (Barnes and 
Czamansk~1 1967, see also Chapter VIII). If sulphides are 
the principal transport species, the highly carbOnated-
chloride characteristic of the solution may remain signifi-
cant in an intermediate role, such as the attack and altera-
tion of source or host rock, or by providing a catalytic 
reaction. The development of the abundant vein carbonates 
is consistent with the measured fluid composition as both 
dissolved CO 2 and halide increase the solubility of these 
minerals (Ellis, 1963, and Chapter VIII). 
306 
The importance of solutions of this type in the hydro-
thermal process appears to be neglected by geochemists, as 
very little published work on equivalent experimental 
systems is available. Fluid inclusion investigators - who 
. frequently observe highly carbonated fluids - remain the 
principal, if not only, source of speculation on the sig-
nificance of such fluids in orebody formation (e.g. Rankin, 
1975) . , 
(d) Future Work. Fluid inclusion research as a means 
of investigating the Owen hydrothermal province can be con-
tinued to good effect, as the present project has by no 
means exhausted this aspect. The limitation of time for 
collecting and preparing samples has restricted the amount 
of useful material studied. As previously discussed, much 
of the project time spent on inclusion work involved deve 
oping methods of preparation and study, and determining the 
type of sample material to select. Further study could 
follow the procedures already developed, as additional data 
would reduce the remaining uncertainties and more completely 
evaluate such aspects as the temperature and pressure history 
of the field, and the correlation of these measurements with 
episodes of mineralization. This work could ideally be com-
bined with a thermodynamic laboratory study to provide better 
data on the freezing characteristics of the system H20-CO 
salt, to supplement the meagre information of Larson (1956). 
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The inclusions could be studied by techniques not 
attempted in this project, by using more sophisticated 
methods of analysing the inclusion fluid, including isotope 
measurements. Should more information become available 
regarding the fluid system at either high or low tempera-
tures, the original data from this present study could be 
recalculated to obtain more certain and accurate results, 
<and any new measurements processed with greater .facility_ 
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V. CONCLUSIONS 
(1 ). The Method 
Conventional fluid inclusion studies involve only the 
measurement of filling temperatures as a means of geother-
mometry, occasionally supported by salinity-pressure cor-
rections. In this study, evidence indicating a second 
fluid component in saturation proportions at homogenization 
has permitted a more sophisticated treatment. The concepts 
and procedures used, lead to a set of results which in the 
ideal case present precise, comprehensive information on 
the hydrothermal environment. So far as can be determined 
from published material, this method has not been previously 
proposed. It must therefore be regarded as tentative until 
tested by experimental work or further information from 
natural systems. Subsequent to the use of the concept of 
fluid saturation on which this temperature-pressure method 
is based, published work by Smith and Little (1959) was 
found in which the authors demonstrate the recognition of 
this concept, and attribute this to the earlier work of 
Smith (1953). An extract of the paper is reproduced as 
follows: 
'In cases where a mineral grew in a one-phase H20-C0 2 system, the filling temperature provides a minimum 
temperature of formation, which, as in the case of 
water-water vapour inclusions, is subject to correc-
tion for pressure. The calculation of this pressure 
correction, however, not only requires a knowledge of 
the pressure at the time of formation (which at best 
can only be roughly approximated), but also accurate 
thermodynamic data on the system H20-C0 2 (which at present are not available in the temperature pressure 
range desired) . 
In cases where it can be demonstrated that the 
mineral grew under the two-phase condition however, 
as was ~ointed out by Smith (1953}, it shduld be 
possible to determine the temperature of formation 
directly from filling temperature measurements.' 
(Smith & Little 1959). 
, . 
This demonstrates a clear understanding of the basic 
theory, and also the limitation imposed by the lack of 
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experimental data. The effect of salinity was unknown, and 
no attempt could be made to evaluate pressure. 
A fluid inclusion study which includes an attempt to 
derive pressure values was made by Hollister and Burruss 
(1976), using inclusions from high grade metamorphic rocks. 
A number of somewhat indirect approaches are employed, 
including the plotting of homogenization temperatures on a 
1 kb solvus graph to demonstrate salinity determination 
(Figure 7-25). As the locus of critical point homogeniza-
tions falls near the 6% salt curve of Takenouchi and 
Kennedy's data, this salinity value is assumed to represent 
the fluid. The accuracy of such a procedure is dubious, as 
the solvus curves are crowded together in this region, 
especially when the mole % CO2 axis is used. To the same 
authors, however, must go the credit for a clear representa-
tion of the low temperature phase stability diagram for the 
system H20-C02 , which they describe as a 'petrogenetic 
grid'. This diagram is reproduced in this work in modified 
form as Figure 7-26. It also illustrates the curve dis-
placement due to salinity from the data of Larson (1956), 
although this is wrongly identified in the text. 
In summary, the method used in this project is a com-
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posite of procedures used in others. It is based on experi-
mental data of Larson (1956) and Takenouchi and Kennedy 
(1965a, 1965b), facilitated by the information gathered by 
Hollister and Burruss (1976), and the fundamental concept 
supported by the earlier work of Smith and Little (1959). 
(2) The Results 
The outcome of this fluid inclusion study is of consid-
erable assistance to the project as a whole. The informa-
tion gives values for temperature, pressure, and composition 
for specific events, which if considered together give some 
indication of the range and history of the hydrothermal 
activity. This information is of superior quality to that 
obtained by other means. The data from silicates, carbon-
ates, and sulphides (Chapter VI) is of lesser certainty and 
precision. 
Hydrothermal temperatures during vein formation 
probably exceeded 350°C, with a large amount of deposition 
occurring over the range 300-335°. This range may represent 
conditions of a final major veining event, with quartz depos-
ition continuing to below 230°. Deformation accompanied 
and followed, vein formation, probably due to a combination 
of tectonic and hydraulic effects, causing brecciation and 
intense fracturing. This resulted in the development of 
abundant secondary inclusions, which formed at temperatures 
ranging from more than 280° to less than 100°, in zones 
where the flow of primary hydrothermal fluid (characterised 
by ca.15-20 vol.% CO 2 ) had ceased. Hydrothermal pressures 
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during a late stage of the activity are known to be approxi-
mately 7~O±200 bars, with fluctuations in response to 
hydraulic and tectonic fracturing, at a depth of approxi-
matelY,3km. 
CHAPTER VIII 
INTERPRETATION, SUMMARY, AND CONCLUSIONS 
I. A PROPOSED MODEL FOR THE MINERALIZATION 
The most widespre field evidence relating mineral-
ization to structure is the stratigraphic control of the 
sericite zone. This feature has the following possib 
origins: 
(i) Alteration of a permeab 
favourable lithology. 
and/or geochemical 
(ii) Restriction of fluids beneath the massive, imper-
meable marble, i.e. fluid confinement at a permeability 
boundary. 
(iii) The induction of secondary pe:ct"meability by dif-
ferential movement at the major lithological boundary 
between contrasting rock types. 
Although some combination of these origins is considered 
probable, all three involve a net effect of fluid flow 
within a zone of relatively high permeability, confined 
beneath the marb which appears to have acted as a 'cap-
ping' on the fluid-controlled processes operating beneath 
it, giving rise to the large difference in the degree of 
alteration between pel ic rocks of the Wangapeka and Owen 
Foct"mations. 
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(1) A Reconstruction of Mineralization History 
(a) The Geological Situation Prior to Intrusion (see 
Figure 8-1a). All available evidence suggests 
that the thick sequence of Paleozoic sediments exposed at 
Mt. Owen continued further east, at least to the position 
now occupied by the axial region of the batholith. Simi-
larly, major folding of the sequence in the goldfield area 
cannot be inferred; therefore, for the purposes of recon-
struction,Figure 8-1a depicts flat-lying units of constant 
thickness. 
Evidence from the mudstone lithologies suggests that a 
water-escape process was associated with cleavage develop-
ment, especially within the uppermost Owen Formation. 
Although this evidence is inconclusive, the expulsion of 
some retained pore water during pre-intrusive or early 
intrusive deformation must be considered a strong possi-
bility. The movement of such pore water is of significance 
to processes of metal transport before qr during the onset 
of the mineralization episode. 
(b) The Intrusive Stage (Figure 8-1b). The principal 
phase of granite intrusion is seen as the major tectonic 
and thermal event in the goldfield area. A sharp rise in 
temperatures was accompanied by regional uplift associated 
with Rangitatan tectonism, probably in addition to local 
uplift caused by intrusion. An episode of physical dewater-
'. 
ing probably accompanied thermal metamorphism and cleavage 
development. The associated desulphurization reaction is 
considered a potentially important element of the mineraliza-
(b) 
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(a) Pre-i 
Little deformation or metamorphism 
High pore water content retained 
beneath carbonate unit? 
..,..,.: 
U pI i f t, til tin g and fa u 1 tin g..,. ~­
Temperature rises, pressure £alls~ 
Physical dewatering & cleavage 
development ? 
+ 
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Metamorphism, early vein 
formation. 
... 
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+ (c) Late Intrusive-
+' ... . Post Intrusive Stage. 
:Further uplift, shearing 
Temperature declines, pressure 
declines. Chemical dewatering 
Vein formation, mineralization , 
metasomatism, resulphurization. 
FIG. 8-1 East-west sections (not to scale) of the Mt Owen 
region, showing a suggested reconstruction of the metamorphic-
hydrothermal history. Strata above the Wangapeka Formation 
(hatched) have been omitted. The rocks of the goldfield are 
located at the left of the sketches. 
tion, as discussed below. 
Major structural tilting on the flanks of the intru-
sion would produce the regional westward dip of both bed-
ding and cleavagei the establishment of this configura-
tion would determine the fluid flow pattern, and a hydro-
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thermal system would commence to operate. Alteration would 
result, but vein deposition would occur only where the 
fluid passed down a significant pressure - temperature 
gradient. 
(c) The Late Intrus (Figure 
8-Ic). Except for rare examples in the lower Owen 
Formation of veins which predate cleavage, the principal 
deposition of vein minerals is correlated with a period of 
alteration, shearing and brecciation,during which both 
temperature and pressure declined. The possibility of 
hydraulic fracture has been discussed. Deformed and 
brecciated vein structures, and multigeneration mineraliza-
tion evidence~ indicate that the vein-forming episode 
spanned a significant period of deformation. The later 
phases of mineralization which proceeded at the lowest 
temperatures gave rise to the marcasitic deposition, and 
possibly to the bulk of the gold deposition. Large changes 
in fluid chemistry are indicated, and are certainly due in 
part to the lowering of temperature and pressure, but 
possibly also due to reactions in response to specific 
reduction of P~20' PC02' or sulphur fugacity, at depth. 
The sulppur required for the resulphurization of pyrrhotite 
could have one or more of several origins, as discussed 
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below, but is probably derived from sulphide decomposition 
below the zone of deposition. Similarly, the hydrous frac-
tion of the hydrothermal fluid may have been supplied by 
dehydration reactions, comprising a 'chemical dewatering' 
process, as distinct from the envisaged earlier physical 
expulsion of pore water. Development of the widespread 
sericitic alteration was probably contemporaneous with the 
principal period of vein formation. 
(2) Fluid Flow Considerations 
H~nley (1973a) recognises two end-member models for 
hydrothermal fluid flow systems. The first consists of the 
injection of hot fluid into a dry permeable medium, commonly 
exemplified by the release of magmatic fluids by an ig~eous 
intrusion. The second model is one of free fluid convection 
in a saturated medium, the given example being the recircu-
latory pattern formed by groundwater surrounding a rising 
pluton. Neither irtdividual model, nor any combination of 
these models, may be satisfactorily equated with the Owen 
hydrothermal system. The granite at Owen is unlikely to 
have supplied the bulk of the hydrothermal fluid (see 
below), and if the evolutionary interpretation of Figure 8-1 
is correct, the structural anisotropy of the country rock 
precludes the operation of a convectional system. The 
extensive and impermeable marble flanking the granite 
requires an open ended, up-dip flow system, in which no 
fluid recharge is possible except by continued dehydration 
of underlying rocks. Up-dip discharge is assumed to occur 
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through faults and shears at or above the pluton margins. 
Figure 8-2 summarises the essential elements of the 
envisaged fluid flow model at the time of peak hydrother-
mal activity (cf. Figure 8-lc). Replacement bodies within 
the marble and sparse quartz veins in the overlying 
Wangapeka Formation are envisaged as arising from penetra-
tion of the marble by high pressure fluids. CO 2-rich 
inclusion fluids noted in these veins suggest an origin 
beneath the marble, where evidence for highly carbonated 
fluid is abundant. 
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FIG. 8-2 Summary of an interpretation of the Owen hydrothermal 
system at the peak of mineralization activity, based on a true 
scale cross-section (dashed line) from trig PH eastwards, per-
pendicular to regional st ke. The lithologic sequence has been 
simplified, and structural complications omitted. Arrows indicate 
fluid flow. 
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II. THE MINERALIZATION: CONCLUSIONS 
(1) Source of the Mineralization Components 
(a) Heat. Granite intrusion is seen as the primary 
thermal energy source, although heat contributed from the 
normal geothermal gradient must be considered in the case 
of pressure release and fluid flow in response to uplift. 
Heat flow in the country rock was probably strongly con-
trolled by fluid flow, but closer to the intrusion, the 
process of conduction would dominate. 
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(b) Fluid. The scarcity of veins, pegmatites l and 
hydrous minerals near the intrusive contact suggests that 
the granite was a 'dry' intrusive, and did not supply sig-
nificant amounts of magmatic water to the hydrothermal 
system. Pore water and sediment-bound water almost cer-
tainly provided the principal component the hydrothermal 
fluid. Physical expulsion of this water is seen as the 
initially dominant fluid supply process, later progres~ 
sively replaced by dehydration reactions which would pro-
ceed in response to increasing temperature/pressure ratios. 
Some buffering effects tending ~o stabilise PH2 d .yalues 
would occur during both the formation and decomposition of 
hydrated minerals. The second most abundant fluid compon-
ent is CO 2 , for which the most obvious source is the decom-
position of carbonate minerals. The abundance of CO 2 ·in 
the sericite zone during vein formation may be due to de-
carbonation reactions within this zone, perhaps favoured by 
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the loss of ankeritic Fe and Mg to growing chlorite. A 
preferred alternative is the supply of CO 2 as a component 
of a concentrated, homogeneous fluid from a deeper source 
near the granite margin. Assimilation of carbonate-rich 
sediment by granite magma would give rise to large amounts 
of CO 2 , which presumably migrated to the zone of mineral-
ization via un exhumed conduits beneath the present gold-
field. Unless the goldfield is underlain by an unemerged, 
subsidiary intrusive stock (Cf. Smale, 1976), the fluid 
transport path from the inferred margin of the main batho-
lith is surprisingly long (several km) and cross-cuts the 
regional structure. It is conceivable that the zone of 
dehydration-decarbonation reactions extended westward from 
the granite at depth, due to a combination of intrusive 
heating and the normal geothermal gradient. 
A problem associated with all non-recirculatory hydro-
thermal models is the difficulty in identifying a fluid 
source sufficient to emplace the mineralization observed. 
Special conditions of fluid supply may have existed for the 
Owen system, as follows: 
(i) Contribution of some magmatic fluid from the gran-
ite, although unlikely, cannot be disproved. 
(ii) The country rock may have retained a high propor-
tion of water up to the time of intrusion. 
(iii) The westward dipping structure of the country rocks 
continues for some distance west of the mineralized area. 
Some up-dip recharge of the hydrothermally active zones is 
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therefore considered possible. Inclusion and wall rock 
studies indicate some thermal and chemical disequilibrium 
of the fluids and host rocks, consistent with the channel-
ling of fluids from greater depths. 
(c) Gangue Minerals. In general, the assemblage of 
gangue minerals reflects the mineralogy of the altered host 
rocks. The absence of exotic minerals is consistent with 
the concept of structural confinement! and argues against 
the supply of fluid from the granite, unless significant 
dilution of such fluid occurs. Although the paragonitiza-
tion may be seen as reflecting the sodic nature of the 
granite, a NaCl-rich fluid from original pore water must 
also be considered as a possible cause. 
(d) Ore Minerals. A study of the disseminated miner-
als in the Wangapeka and Owen Formations shows the carbon-
aceous mudrocks to be rich in sulphide which is probably 
of syn-sedimentary origin. Although the total ore metal 
content of these rocks may not be atypical of black shale 
sequences, the chemical 'reworking I undergone by the Owen 
Formation is considered to be an important forerunner of 
subsequent metal-leaching processes. The desulphurization-
resulphurization sequence beneath the marble is pro-
posed as an episode in which the sediment is • scavenged , by 
active sUlphur species, extracting chalcophile elements 
which are then incorporated in easily remobilised sulphide 
form. The importance of metamorphic sulphur migration in 
this role has been stressed by several authors (McDonald, 
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1967, Lambert, 1973, Carpenter, 1974). An additional 
source of readily available ore sulphides may have been 
provided by inclusions incorporated in stratiform pyrite 
during pre-metamorphic growth. A study of the unmetamor-
phosed and unaltered Wangapeka formation lithologies 
suggests that the ultimate source of the ore metals was 
syndepositional accumulation in carbonaceous muds. The 
relatively simple mineralogy of the ore bodies, which con-
tain Fe, Pb, Zn, and Cu sulphides, is comparable with the 
similar range of sulphides seen in disseminated form in the 
postulated source rocks. Both gangue and ore mineral assem-
blages therefore support the postulate that the country 
rocks of the Owen Formation provide both source and host 
for the mineralization. The exotic mineralization, AU, Ag, 
Sb etc., exists only as traces within the ore bodies 
(although these traces may comprise economic concentra~ 
tions), and these metals may be attributed to the same 
source as the base metals. 
If syngenetic-sedimentary sulphide is accepted as the 
ultimate source of the ore minerals, adequate sulphur 
accompanies the ore metals in the source rocks. On decom-
position of disseminated pyrite to form pyrrhotite, a large 
amount of sulphur was ther lost from the system or taken 
up in newly-formed sulphides. In either case, the result-
ing sulphur deficit was eliminated during the resulphuriza-
tion episode due to one or both of the following reactions: 
(i) In s~tu alteration of pyrrhotite to form a di~ 
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sulphide by loss of iron, with no ingress of sUlphur. 
(ii) Decomposition of pyrrhotite at depth, the surplus 
iron being taken up by the formation of carbonates, chlor-
ites, or higher temperature silicates, and the sulphur 
transported upward in solution. 
Although the Owen Formation alone is considered to be 
adequate as a source of the mineralization, it is probable 
that some supply of components was provided by the sequence 
below that which is exposed. The possibility of metal-rich, 
volcanogenic rocks of the Aorere and Haupiri Groups under-
lying the Owen Formation cannot be neglected. 
(2) Time Mineral 
Radiometric dates for the Separation Point Granite 
indicate an age of ca. 90-100 m.y. This age, or a slightly 
younger age, may be applied to the mineralization. Winkler 
(1967) provides estimates of the duration of near-maximum 
temperatures experienced by country rocks surrounding a 
plate-like intrusion. This period is given by the expres-
2 * . 
sion T=O.l D, where T is the time (years) and D is intru-
sion thickness (metres). The Separation Point Batholith 
forms a linear body of relatively constant width. Assuming 
the exposed width at Mt. Owen to represent thickness, D = 
approximately 8.8 km, indicating a high temperature dura-
tion of 7.7 x 10 5 years for the rocks near the centre of 
the goldfield. Some over-estimation is probably due to 
* Not 0.01 D2 as misprinted in Winkler (1967), p.83. 
the significance of roof zone heat loss, i.e. a large 
width/depth ratio will cause departure from the thin 
plate model. Some compensation for this loss may be pro-
vided if the intrusion width increases with depth. 
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The thermal duration estimate is based on a model 
involving only conduction, additional complications being 
introduced by considerations of fluid flow. If a high 
temperature period of 0.5 1.0 m.y. is assumed, the cooling 
time representing the active hydrothermal period may have 
spanned several million years in view of the large tem-
perature range indicated by the mineralizatio~ unless 
rapid uplift and unroofing and/or fluid flow greatly 
accelerated the cooling process. 
(3) Conditions of Mineralization 
(a) Temperature-Pressure Ihformation. This aspect 
has been examined in detail (Chapters IV-VII), and to 
avoid unnecessary repetition the results are summarised in 
condensed form in Figure 8-3. Attempts to elucidate the 
temperature, pressure, and chemical conditions of the 
hydrothermal system at the time of mineralization have been 
only partly successful, due to the lack of definitive 
mineral assemblages, insufficient mineral equilibrium data, 
and excessively complex mineral systems. An approach 
based on fluid inclusions produced good ~esults, but much 
tedious preparation and measurement was required for a 
small number of useful values. Information from both min-
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eralogical systems and fluid inclusions indicates a range 
of physical and chemical conditions which is large, but 
consistent with the characteristics of a cooling hydro-
thermal system. The only satisfactory indication of 
pressure is a single value from fluid inclusion measure-
ments. 
(b) Fluid comp'osition. Some direct indication of 
fluid composition is available from fluid inclusion 
studies, but otherwise this information must be inferred 
from mineralogical evidence. The high CO 2 content indi-
cated by many inclusions was probably maintained for most 
of the mineralization episode, the temperature and pressure 
in the source zone being the controlling factors. Accom-
panying salinities were due to mainly NaC1, the reaction of 
which with wall rock is suggested by paragonitization near 
major veins. 
Both high CO 2 and high salinity favour the solution 
and transport of carbonates (Ellis, 1963), deposition 
being controlled by the reduction of one or both of these 
components. Cooling increases carbonate solubility under 
mesothermal conditions, in contrast to the response of 
silica and most common ore minerals. Where dolomite and 
ankerite are present in addition to calcite, the,relative 
solution-deposition relationships become more complex, and 
will be controlled by wall rock minerals in equilibrium 
with the fluid. For a fluid containing Ca, Mg, and Fe at 
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constant pressure, a decline in temperature will favour 
dolomite (or ankerite) replacement by calcite (Holland, 
1967). Rapid exhumation of the system during hydrothermal 
activity would cause a steepening of local temperature and 
pressure gradients, creating a situation generally favour-
able to mineral deposition (Henley, 1973a). Within active 
hydrothermal conduits, the pressure drop would lead the 
temperature drop until cooling occurred, thus initially 
favouring carbonate due to the sudden loss of CO 2 from the 
hydroqs fluid phase. Subsequent cooling would favour 
quartz-sulphide deposition, forming an overall mineraliza-
tion sequence consistent with that observed in some veins. 
The significance of a primary, homogeneous, CO 2-rich 
fluid in a general metal-leaching and transport role has 
been discussed, and the association of such fluids with 
gold mineralization is recorded in a recent review of gold 
geochemistry . (Ha·ndbook of Geochemistry I v II pt. 4) • The 
nature of chemical species enabling the transport of gold 
in solution remains uncertain. Opinion is chiefly divided 
between two possible types, namely chlorides I chloride 
complexes (Helgeson and Garrels, 1968; Henley, 1973ai 
1973b) and sulphur-based complexes (Barnes and Czarnanske, 
1967; Boyle, 1969; Weissburg, 1970; Seward, 1973). This 
long-standing debate will not be continued here, as no 
definitive evidence has emerged to support any specific 
hypothesis. The association of gold with marcasite suggests 
a neutral to acid reducing environment during deposition, 
328 
but conditions of leaching and transport, which mobilised 
carbonate, were probably alkaline. Sulphur fugacity levels 
were probably buffered by pyrrhotite for much of the 
earlier history of the mineralization, with a gradual rise 
in these levels as pyrrhotite disappeared from the system. 
Local areas of high sulphur fugacity may have existed near 
the base of the marble, permitting pyrite deposition in 
these zones. 
(4) Controls on the Mineralization 
A pattern of relatively simple structural and litho-
logical control is recognised. Almost all economically 
attractive concentrations of gold are found in veins within, 
or very nea~ the sericite zone. Although physical factors 
(e.g. promotion of fracturing and fluid confinement) domin-
ate in this association, chemical factors may also be 
important. The major gold-bearing veins all show replace--
ment of wall rock; simple infilling alone bas resulted in 
veins which are usually small, and always poor in gold 
values. The large Golden Crown vein is far from the ser 
cite zone, but is located in a zone of brecciation and 
adjacent to a thin carbonate lens. 
The chemical effect of the Arthur Marble is dominant 
in locating the base metal ore bodies, all of which show 
prominent wall rock replacement except pe~haps the Silver-
stream lode, where ore textures suggest infilling to have 
been dominant. 
Local structural control of vein emplacement can be 
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correlated with poorly defined shear zones sub-parallel to 
bedding, but cannot be associated with any major tectonic 
structure. 
(a) Gold Distribution. Assay results and mining 
reports indicate the gold distribution within single vein 
systems to be very erratic. The gold-rich ore appears to 
be restricted to veins of relatively carbonate-free quartz, 
containing marcasitic pyrite and sparse chalcopyrite. This 
assemblage is considered to represent a very late stage of 
the mineralization and to mark a large change in fluid com-
position. The possibility of multistage mineralization 
involving chemical 'reworking' of deeper parts of the vein 
system (see Boyle, 1969) is suggested. A period of rapid 
temperature and pressure decline due to unroofing of the 
deposit, and even the ingress of meteoric water into the 
system,must be considered as possible causes of the late 
auriferous deposition, although little supporting evidence 
is available. 
The reef-cap zones of the ore bodies have certainly 
undergone some secondary enrichment, giving rise to very 
high values in some early assays. Although some ore bodies 
may have been close to the surface during early Tertiary 
weathering (e.g. the Golden Crown vein), most apvear to 
bear only a thin surfaoe zone of enriched ore which can be 
related to recent weathering, and is consistent with the 
steep topography and the relatively rapid rate of erosion. 
(b) SilVer distribution. All base metal ores yield 
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high assay values of silver, typically 200-300 oz per ton 
of pure sulphide (6000-9000 ppm), allowing for hand pick-
ing of the original samples. Galena is assumed to be the 
sole silver-carrier, except for the Silverstream ore where 
a silver-rich tetrahedrite is also present. Secondary 
enrichment of the base metal deposits is insignificant. 
Silver also occurs alloyed with the argentiferous gold 
in the gold veins, but no other silver mineral is known. 
(5 ) Economic Cons iderations 
Ca) Reasons for the Failure of previous Mining Attempts. 
Although excessive speculation and poorly directed prospect-
ing resulted in the failure of many mining companies in the 
area, the more serious mining attempts by the larger com~ 
panies failed because of poor gold recovery. At the 
Enterprise mine, large reserves of potential ore were avail-
able but the poor recovery of 2dwt/ton represented only a 
fraction of the overall assay value of the ore (Downey, 
1928). The report of mercury loss at a rate of 60 oz/week, 
and the presence of visible gold in tailings remaining at 
the battery sites, demonstrates that severe amalgamation 
problems existed. These problems were variously attributed 
to bismuth, arsenopyrite, and pyrite. The association of 
gold with abundant marcasite can be recognised as a major 
source of the trouble. Edwards (1954) describes marcasite 
as a 'deleterious mineral' in both amalgamation and cyanida-
tion processes, worse in its effect than pyrite. Rapid 
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oxidation of marcasite, as noticed in both the field and 
the laboratory, gives rise to acid sulphate solutions. The 
loss of mercury by 'flouring' as a result of such solutions 
is well known. The oxidised, free milling ores from the 
reef-cap zones gave good results in amalgamation tests, 
whereas the primary ores later proved uneconomic. The 
effect of depressed gold recovery by marcasitic ores may 
have been of equal importance to that of supergene enrich-
ment. 
Supporting evidence for this reasoning may be found in 
the assay results. Table 8-1 shows assays for the Enter; 
prise mine, performed by Skey who recognised the problem of 
sulphides, and made amalgamation tests before and after 
roasting. Samples taken from various levels in the mine 
show a progressive divergence between the two values with 
increasing depth. 
An additional source of amalgamation difficulty may be 
due to the high silver content of the gold. Edwards (1954) 
notes a tendency for argentiferous gold to develop a layer 
of silver chloride which inhibits amalgamation. Sufficient 
chloride for this layer to form could be derived from inclu-
sion fluid, released during post-depositional fracturing. 
Conceivably, roasting would destroy any chloride layer 
because of the low melting point of this compound. 
Although inadequate sampling, nonselective mining, and 
improper ore treatment are seen as the principal reasons for 
the failure of the mining operations, structural factors may 
Sub-No. 
1 
,4 
6 
9 
14 
5 
TABLE 8-1 Results of amalgamation tests on ore samples from 
the Enterprise mine. (Lab No. 4743, Twenty-third Annual 
Report of the Colonial Museum and Laboratory. 1889) 
Sample Gold per ton, Gold per ton, Percentage increase 
before roasting after roasting on roasting. 
i$l 
Level 1 3dwt 3dwt 6gr 8.3 
Level 1 60z Odwt 6gr 60z 12dwt 6.6 
Level 2 2dwt 18gr 3dwt 4gr 15.1 
level 2 1dwt 1dwt 6gr 25.0 
Winze, 2-3 15gr 26gr 73 .. 3 
Level 3 trace 5dwt 2gr >100 
W 
(,) 
also be recognised. The lack of vein continuity can be 
attributed to both pinchouts and faulted dislocations. 
The failure to appreciate these complications resulted in 
poorly planned prospecting and mine development. 
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None of the silver mining ventures are known to have dis-
covered workable deposits, except perhaps at the 
lease where the small, rich ore body was rapidly worked out, 
and the ore sent away for processing. The total output and 
results of the smelting are unknown. 
(b) Recommendations for Future Prospecting. 
(i) Attempts to locate further gold deposits should be 
concentrated on the Owen Formation, within a zone between 
the Enterprise Dolomite and the Beilby Quartzite. Recog-
nition of intensification of alteration within the country 
rock may locate unexposed veins. Chlorite composition, the 
Na content of sericite, or trace metal levels may be useful 
in this respect. Cu may serve as a short distance path~ 
finder element, in view of the gold-chalcopyrite association. 
As the gold is highly argentiferous , a sensitive determina-
tion of silver levels may reveal oxidising reef-cap zones. 
(ii) Considerable scope for further prospecting lies in 
the re-evaluation of abandoned leases where known gold-
bearing veins exist. Many such veins are well exposed by 
prospecting or mining operations, and could be properly 
sampled with little difficulty. A re-examination of the 
major veins in the light of the mineralization associations 
noted in this report may delineate economic ore reserves. 
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(iii) In the event of any ore body evaluation, careful 
consideration should be given to the unusual characteristics 
of the primary ore, and appropriate treatment methods 
selected. 
(iv) Some of the known base metal pro~pects could be re-
examined, and further deposits sought. The Beilby's Reef 
prospect is unlikely to contain any economic ore body, but 
, 
extensions of the Silver King and Silverstream deposits may 
exist. Geophysical methods (self potential, induced poten-
tial) could be useful on a local scale. 
(v) The use of stream sediment geochemical techniques 
is not recommended for streams which drain the base of the 
Arthur Marble, because of the widespread abundance of very 
small mineralized occurrences at this horizon. 
(vi) Further searches for disseminated gold mineraliza-
tion should include a detailed examination of the sericite 
zone and adjacent rocks. The use of biogeochemical tech-
niques and trace element distributions is suggested. 
(c) Re for the of the OWen Goldfield. No 
equivalent of the Owen-type mineralization in the Nelson 
Paleozoic rocks is known. The possibly unique features 
which locate the mineralization are reviewed as follows: 
(i) The structural 'window' at Mt. Owen, where thick 
sediments beneath the marble are exposed. At all other loca-
tions along the flank of the batholith, marble lies in con-
tact with the granite. 
(ii) The existence of water-rich sediments within the 
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Owen Formation at Mt. Owen. Many other Paleozoic localities 
further north show evidence of Paleozoic regional metamor-
phism (Shelley, 1975), and hence may already have been too 
dewatered to develop hydrothermal systems during Cretaceous 
intrusion. 
(iii) The existence of favourable source rocks. The 
marble at Mt. Owen is underlain by a thick sedimentary 
sequence which includes 'black shale' lithologies. This 
thickness of source rocks may be absent further north. The 
source ~ocks at Mt. Owen may be further enhanced 
by metal-rich rocks of the Aorere Group and Haupiri Group 
underlying the Owen Formation. 
(d) Relation" Fault-located 
veins containing both auriferous quartz and silver-rich base 
metal sulphides occur in the Wangapeka goldfield, 8 km north 
of Mt. Owen, where prospecting was carried out about the 
time of mining at the Owen field (Henderson, 1924; Downey, 
1928; Henderson et al., 1959). This mineralization can be 
interpreted as an extension of the Owen hydrothermal system, 
where 'breakthrough' has occurred, via faults communicating 
with the system which is obherwise confined by thick marbles. 
Other mineralized veins in the Mt. Arthur-Lodestone area, 
where the slates are now thought to be underlain by marble, 
may bear a similar relationship. At several such localities 
near the western margin of the Separation Point Granite, 
concealed Owen-type alteration may exist, although mineraliza-
tion is probably absent except where adequate temperature-
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pressure gradients permitted hydrothermal deposition. 
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III. RECOMMENDATIONS FOR FUTURE RESEARCH 
Many aspects of the mineralization at Mt. Owen warrant 
further study, by the use of both specialised techniques 
and conventional structural and petrologic examinations. 
An extension of the methods developed in the course of this 
project could provide a better understanding of the nature 
and origin of mineralization; the limitation of field 
and laboratory time has resulted in a superficial coverage 
of many important features. Future investigations should 
therefore examine the following topics: 
(i) Detailed structural mapping of the area, to clari 
the relationships between dewatering events, cleavage forma-
tion, and the tectonic and metamorphic history on both a 
local and regional scale. 
(ii) An extension of fluid inclusion studies, to 
improve the knowledge of the pressure-temperature history 
of the hydrothermal system. 
(iii) The application of isotope studies, especially for 
oxygen and sulphur, to obtain further thermal data and to 
provide information concerning the source of mineral and 
£luid components. combined fluid inclusion and isotope 
studies may be especially useful. 
(iv) A continued study of the ore minerals and their 
textures using both convention microscopy and micro-
analysis, to ident the remaining unknown phases and 
clari the origin of many minerals, including gold. 
(v) Further geochemical studies to improve the know-
ledge concerning the source, transport, and deposition of 
the hydrothermal minerals, and the alteration of the host 
rocks. 
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APPENDIX I 
PLACENAMES 
In the course of this project, many of the streams and 
other geographic features have been named for the purposes of 
mapping and location description. For many others, use has 
been made of existing names which appear on old mining lease 
maps, but have been omitted on later published maps. The 
derivation of these names is as follows: 
Advance Creek: After the Advance mining Company. 
*Baigent Fault: After Baigent Creek which it intersects, and 
the nearby Baigent farm property (now Ben Nevis), taken 
up as a grazing run in the 1860's. 
*Beilby's Stream, Reef: After C.S. Beilby, a prospector 
employed to examine the base metal mineralization south 
of Trig C, 1911-1913. 
Bonanza Ridge: After the Bonanza mining company. 
Bulmer Creek, _* ____ Tarn: After Charles Bulmer, the principal 
prospector of the party which discovered the field. 
*Byrne Stream: After Mathew Byrne, partner to Bulmer. 
Carroll's Creek: After E. Carroll, hotel proprieter at Owen 
Township. 
Carton's Creek: After C. Carton, prospector and leaseholder. 
Deep Creek: Appears on lease maps. 
*Fagan's Stream: After Fagan, prospector and leaseholder in 
silver mining ventures. 
Fire Creek: Appears on lease maps. 
*Mount Peru: The mountain surmounted by Trigs F and PH was 
named 'Peru Hill' at the time of the original surveys, 
when the Peru mining company took out a silver mining 
lease near the summLt. The name 'Peru' is retained in 
local usage. 
Spring Creek: Appears on lease maps. 
Sunrise Peak: After the Mou~t Owen and Rising Sun Mineral 
Company, which prospected Beilby's reef. The name 
'Rising Sun' may have been used for this peak prior to 
the formation of this company. 
Uno Creek: After the Uno mining company. 
Zealandia Creek: After the Zealandia mining company. 
* Denotes new name 
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APPENDIX II 
THE QUANTITATIVE ANALYSIS OF GOLD IN ORES AND ROCKS 
(1) 
Perhaps the earliest accurate chemical analysis devel-
oped by mankind was the fire assay for gold, a traditional 
and specialised analysis which owes its reliability to a 
fusion-type sample decomposition, a solvent extraction-type 
concentration, and' freedom from interferences at the detection 
stage. Disadvantages of the method comprise a poor detection 
limit (rarely less than 0.25 ppm), and the need for a high 
level of operator skill. Several modern laboratory methods 
(emission spectroscopy, X ray fluorescence, cOlourimetry), 
offer an improved detection limit if concentration is em 
ployed, but have interference problems which limit the useful-
ness of this operation. Since the mid-1960's, atomic absorp-
tion has provided an analytical method which combines good 
sensitivity with a low level of interference. The method 
gives good results for gold in ores, and with some refinements 
and careful sample preparation, can be extended to determine 
the background gold content of rocks. 
(2) Gold Determination by Atomic Absorption: The Basic 
Method 
The basic method of gold analysis used in the course of 
this project is similar to that recommended in the Varian 
Techtron handbook, Analytical Methods for Flame Spectroscopy 
(1972). The method adopted was as follows: 
(a) Sample Preparation. Physical preparation consists 
of fine grinding and weighing, followed by a roasting'treat-
ment. The roasting of the sample assists extraction of gold 
during subsequent leaching by oxidising sulphides and 
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carbonaceous matter, and therefore should be carried out in 
shallow crucibles or trays to allow free access to air. To 
avoid sintering clay minerals and other silicates, the temp-
erature should not exceed 650 0 C. Oxidation of carbon, however, 
is slow at this temperature, and for highly carbonaceous 
samples, roasting at higher temperatures followed by regrind-
ing appears to be worth investigation. 
(b) Extraction of Gold into Solution. There is a 
number of possible methods of leaching the gold from the 
sample material. If wet-chemical methods are used, the use of 
HF is requi±ed for complete decomposition of silicates. Such 
a step may be essential for the accurate analysis of igneous 
sampies, but is unnecessary for vein materials and fine grain 
ed sedimentary rocks, where very little gold is bound in sili-
cate lattices. 
A very simple extraction procedure consists of leaching 
by a dilute cyanide solution which is continuously aerated 
(Huffman aI, 1967), but this method is not suitable for 
complex ores or rocks. Better extraction, and avoidance of 
the use of cyanide~is possible by the use of a bromine-ether 
leach (VanSickle and Lakin, 1968), although sample decompo-
sition remains poor. A more vigorous extraction is provided 
by leaching with hot aqua regia (Tindall, 1965; Bodwitch, 
1973), a process which is carried out by a preliminary 
sample digestion in hot HCl followed by the addition of HN03 
to form aqua regia. The mixture is evaporated to dryness, 
preferably on a waterbath, and further Hel added to return 
the soluble products into solution, followed by dilution by 
water. After cooling, gold is stabilised in solution by the 
addition of a small amount of HBr, and the liquid filtered 
off. A fine filter is recommended, to ensure minimum solids 
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in the filtrate. A special advantage of this method is the 
facility of using the same filtrate for the analysis of 
many other metals. 
(c) Concen ion Samples containing high gold levels 
may not require concentration of the filtrate, permitting 
direct analysis of the aqueous solution. Solvent extraction 
by organic liquids permits an overall concentration factor 
of 20 or greater, depending on the nature of the sample. 
Methyl isobutyl ketone (MIBK, 4-methylpentan-2 one) has been 
established as the best solvent for this purpose (Strelow 
~ aI, 1966). A standard liquid separation technique is used, 
but the operation should be carried out in a fume cupboard 
becau~e of the hazards of exposure to MIBK vapour. 
(d) De ion. The MIBK-atomic absorption method is 
remarkably free from interferences, but a slight depression 
of absorbance is produced by large amounts of Fe, Ni, and Cu 
(Hildon and Sully, 1971). If samples contain a high proportion 
of acid-soluble components, non-atomic absorption may affect 
the results of the analyses. These problems can be largely 
overcome by the use of internal standards, i.e. the addition 
of gold standards to sample duplicates. Where the samples 
are of similar composition, standardised extracts from a rep-
resentative number of samples may suffice. 
Flame stoichiometry is important if good sensitivity is 
required, and the flame controls should be carefully adjusted 
for maximum absorbance. The MIBK acts as additional fuel, 
and should be aspirated during mixture adjustments. The flame 
runs very lean during the interval between samples, and may 
extinguish or even flash back into the mixing chamber if 
pressures and mixture are incorrectly set. 
A chart recorder is the preferred form of readout, 
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providing a permanent and detailed record of the absorbance/ 
time characteristics, which is often essential because of 
'noise' and standardisation drifts, especially when small 
MIBK extracts must be used and the aspiration time is short. 
(3) Special Requirements for the Analysis of Very Low 
Gold Concentrations 
The analysis of background levels of gold in rocks is 
nrirmally done by isotope methods, i.e. neutron activation 
analysis and radioisotope dilution analysis. Where access to 
these methods is unavailable, atomic absorption wust be used. 
The atomic absorption method outlined above may be extended 
to the analysis of gold background levels, but due to the 
much greater concentration required, special modifications 
must be employed as outlined below: 
(i) To maintain a useful signal/noise ratio from th2 
absorbance readout, the MIBK analyte should contain a minimum 
of 0.1 rg Au/mI. If the final MIBK volume is 2 ml (a practical 
minimum), sample sizes should be not less than 50 g for gold 
concentrations in the order of 0.005 ppm. 
(ii) The acid digestion and leaching process is unchanged 
except where a large proportion of acid-solubles ~ present. 
Such components (usually Fe or carbonate minerals) cause 
problems by consuming a large amount of acid before leaching 
is complete, and by interfering with the evaporation stage, 
in addition to causing non-atomic absorption during detection. 
If more than 10% of the sample is acid-soluble, efforts should 
be made to remove some of the products by crystallization or 
precipitation methods. 
(iii) The MIBK extract should be washed by shaking with 
30 ml portions of 10% Hel until light yellow or clear. This 
process removes unwanted components accumulated during solvent 
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extraction. Some allowance should be made for the slight solu-
bility of MIBK in aqueous solution, which may cause variations 
in the final analyte volumes. The degree of snlubility ap-
pears to be affected by the concentration of other solute 
(i.e. a 'salting out' effect) and the final volume is diffi-
cult to predict, even when MIBK-saturated wash solutions are 
used. It is therefore advisable to measure and standardise 
the analyte volumes before aspiration, by either diluting 
with more MIBK, or by partial evaporation. 
(iv) When operating atomic absorption equipment near the 
sensitivity limit, very careful adjustment for optimum per-
formance is essential, and the running of tests with low-
concehtration MIBK standards is suggested, the best settings 
being found by experiment. The factor of operator skill there 
fore becomes important. 
(v) Contamination problems rarely appear in the analysis 
of gold ores, but may easily affect the results of background 
determination. Care should be taken to avoid contact with 
glassware, etc. which has been in contact with solutions or 
standards containing gold. The metal will adsorb onto sur-
faces from where it will be readily extracted by contact with 
the aqua regia or HBr solutions. When collecting and prepar-
ing samples, inclusion of, and contact with, high-gold 
samples or any type of vein material should be avoided. 
At all stages of sample collection, processing, and analysis~ 
gold rings should not be worn. 
(vi) Several refinements of the basic atomic absorption 
equipment have been developed, wherein the conventional slot-
burner has been replaced by devices which greatly enhance the 
detection sensitivity, especially for the noble metals. 
Various types of such accessories, described by Boar (1970), 
are suitable for the analysis of gold. 
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flPPEI'\DIX III 
SOLI D SOLUTION Dfl T/\ FOT{ Ct.. RI10Nf', TE S 
Four figures referred to in the discussion of 
carbonate composition (Chapter VI part II) are shown. 
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FIG. III-1 Graph for converting (104) X-ray peak shifts 
to substitution values for FeCO and MgCO in calcite, 
using Cu k"" radiation. The .6.28 ~alues are uoted as a dif-
ference from the principal peak of a standard, CdF 
(28 =28,70 0 ). The heavy lines are from the data s~lected 
for interpreting the composition of natural calcites, and 
are those used in this report. The small circles are 
Barron's erroneous values for NgC0 3 (see Table 6-5). 
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FIG. III-3 caC03 -FeC03 binary from Goldsmith et a p (1955, Figure 6). 
359 
CaC03 
Three-phase triangles for temperatures of 4OQ°C, 450°C 
(shaded), and 500°C shown superimposed. 
FIG. III 4 From Rosenberg (1967, 
Figure 4). Barron (1974) plotted 
calcite T-X data to 0.1 mole % from 
measurements of the lower apices of 
the superimposed triangles. See Figure 
6-3 for the complete ternary for 450oC. 
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APPENDIX IV 
PARTIAL ANALYSIS OF INCLUSION FLUID 
(1) Aim 
A brief series of analyses was carried out to obtain 
some estimate of the relative proportions of dissolved salts 
in the inclusion fluid. A large number of published analyses 
show Na, K, and Ca to be the dominant cations in hydrothermal 
fluids, and the present investigation was limited to these 
elements. Alkali metal analysis provides an opportunity to 
attempt geothermometry by the method of ionic abundance 
ratios. 
(2) Theory of Ionic Ratio Geothermometry 
This method is based on the partitioning of alkali 
metals between hydrothermal solutions and solid mineral 
phases. The relative partitioning ratio for hydrothermal 
fluids which are in equilibrium with wall rocks is known to 
be temperature-dependent. White (1965) first published a 
curve to show such a relationship, using KINa measurements 
from natural waters. Later work by White (1968) ad-
vanced this idea with additional curves from other sources, 
including some fluid inclusion measurements. Other workers 
also published supporting evidence from natural systems and , 
experiments, all based on the atomic KINa ratio. 
A more intensive study was undertaken by Fournier and 
Truesdell (1973) to account for the lack of agreement between 
curves from different systems. A new empirical thermometry 
method was devised by including a factor for Ca, in addition 
to Na and K. Their principal criticism of the simple Na-K geo-
thermometer was that it is accurate only for each individual 
set of rea ions for which it is calibrated. As Ca enters into 
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silicate reactions in competition with Na and K the concen-, 
tration of Ca will influence the amount of dissolved Na and K. 
As Na is almost always more abundant than K, it is the K con-
centration which is most affected, with a resultant change in 
the KINa ratio. 
An equilibrium equation -
Log'X:: Log (Na/K) + p Log [A Ca) IN~ 
- was derived by Fournier and Truesdell, as an approximate 
expression to cover all geothermal reactions involving the ions 
C +2 + a ,Na, and K+; P is a numerical factor. The equation is 
used in a procedure as follows: 
(i) The concentration of the alkalis in the fluid is ex-
pressed as molality and Log [/(ca) INa] is calculated. If the re-
sult is negative, P is given the value j. 
(ii) The value of LogA; is calculated and converted to a 
temperature by the use of the graph reproduced as Figure IV-I. 
Should Log [J(Ca) INa] be positive, j3 1j is used. 
(iii) If the result of the determinations from step (ii) 
is greater than lOOoC, the value is rejected and recalculated 
by reverting to p =!. 
(3) Method 
As the analysis of dissolved salts in inclusion fluid in~ 
volves only minute amounts of material, care must be taken to 
use a sensitive analytical method and a contamination-free 
.. 
preparation. To extract sufficient alkali to analyse 
by common laboratory methods required a treatment of crushing 
the host crystal and leaching the salts from the released in-
clusion fluid. This type of extraction has been used by other 
workers. Paterson (1971) ground several hundred grams of quartz 
in a laboratory grinder, but on analysing the leachate, he ob-
tained an unreasonably high temperature result, using the' 
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calibration of White (1968). Bulk treatment such as this is 
undesirable for the following reasons: 
(i) Larger samples are more prone to contamination 
from either accumulated and absorbed surface material, or in-
cluded foreign mineral species. 
(ii) Larger samples are more likely to contain planes or 
other concentrations of secondary inclusions, or perhaps 
fractures filled with groundwater. 
(iii) The process of grinding may yield alkali contaminant~ 
from the surfaces of the grinding vessel. 
To overcome these problems, a micro-crushing method was 
devised. The quartz to be analysed was carefully selected so 
as to be free from surface organic matter, other minerals, 
and fracture zones. From the selected pieces, wafers 2-3 mm 
in thickness were cut and broken into fragments of approxi-
2 
mately 100 mm area. These were cleaned in hot acid, rinsed 
with de-ionised water, and carefully dried, being handled 
with forceps only. Single pieces were placed in a clean steel 
piston-mortar and loaded to compression failure in a hydraulic 
press. The resulting explosive disintegration of the wafer 
produced an even textured, penetrative microfracturing, with 
almost complete absence of abrasive contact with the crushing 
equipment. The quartz powder from this operation was leached 
in acid-cleaned flame photometry beakers, using a minimum 
(typically 2-3 ml) of de-ionised water. 
(4) Results 
The data from these measurements are shown in Table IV-l 
where the ppm values refer to the concentration of the leach-
ate. The method cannot reveal the absolute concentration of 
the alkalis in the inclusion fluid, as required by the factor 
J(Ca)/Na in the Fournier and T~uesdell expression. 
364 
It is therefore impossible in this case to obtain Ca-corrected 
values for Log k:. Ca was determined in four of the samples, 
to obtain some indication of the concentration relative to Na 
and K. 
As the Ca concentrations were relatively low (Ca/Na 
~0.162), an attempt has been made to plot Log (Na/K) values, 
neglecting the effect of Ca. Reference to Figure IV-2, taken 
from Fournier and Truesdell (1973) will show that almost all 
of the natural waters measurements, when plotted as Log J( 
(=Log (Na/K), p =0), fall between two geometrically simple 
boundaries. The upper boundary is marked by a linear concen 
o 0 tration of points from ca.400 -ca.100 C, while the lower one 
progressively diverges over this range. The authors show this 
spread to be due to contribution by Ca in some cooler natural 
waters. If Ca is assumed to be neglible, there is some justi 
fication for using the graph of Figure IV-2 as a Na-K geo-
thermometer calibration, by inserting a 'best fit' line para~ 
llel to the upper boundary, through the linear concentration 
of points. This straight-line plot may be useful as an 'ideal 
case' calibration, instead of plotting simple K/Na ratios on 
one of the many curves published for individual experimental 
or natural systems. 3 0 By the use of Log (Na/K) vs 10 /T K, a 
straight line is obtained. The linear upper boundary of the 
field in Figure IV-2 can be considered to represent reactions 
in which Ca plays little or no part, with the 'best fit' line 
being slightly lower to alldw for point scatter. Figure 
IV-3 shows calibrations of both the 'best fit' line (b), and 
the fully Ca-corrected line (a) of Fournier and Truesdell 
(Figure IV-l). The calibration lines intersect near the point 
103/T=2.5 (=127oC): at higher temperatures, the 'best fit' 
line gives the higher values, causing a differential of 740 C 
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FIG. IV-l Measured geothermal temperatures plotted 
as a function of LogX in Fournier and Truesdell's 
geothermometry method. The dashed lines represent 
.+lSoC. 
From Fournier and Truesdell (1973). 
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FIG. IV-2 Experimental graph used by Fournier and 
Truesdell in devising the formula for a Ca-corrected 
geothermometry method. The lines have been added 
(see text). 
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(b) 'Best fit' line for uncorrected data, neglecting 
Ca. See text for details. 
TABLE IV-1 Inclusion Fluid Composition Data 
.. 
Sample Na ppm K ppm Ca ppm KINa Ca/Na Log Na/K 
LS-09 3.7 0.67 0.107 0.97 
LS-12 1.4 0.42 0.177 0 .. 75 
LS-14 0.53 0.21 0.24 0.63 
LS-15 6.00 0 .. 72 0.071 1.15 
LS-17 4.00 1.15 0.,88 0.17 0 .. 126 0.77 
" 
6.82 0.80 0.069 1.16 
LS-18 19.7 1 .. 10 5.57 0.033 0.162 1.48 
" 3.47 1 .. 18 0.20 0.70 
LS-19 2.8 0.39 0.082 1.09 
LS-20 9.3 0.39 0.025 1.61 
" 8.4 0.40 0.028 1.55 
fI 7.3 0.50 0.040 1.39 
" 3 .. 87 0.40 0.061 1.21 
H 3.75 0.42 0.066 1.18 
" 8.5 0.32 0.022 1.65 
" 12.66 0.85 0.19 0.039 0.008 1.40 
11 7.70 0.25 0.95 0.019 0.071 1.72 
LS-23 1.88 0.72 0.226 0.65 
Average for LS-20 
Note: All ratios computed from molar concentrations. 
ppm values refer to leachate solution. 
TOC 
line (a) 
234 
271 
294 
207 
268 
206 
164 
281 
216 
150 
156 
175 
199 
202 
145 
174 
138 
290 
167 
TOC 
line 
276 
332 
368 
237 
326 
235 
178 
346 
249 
160 
167 
193 
225 
231 
153 
191 
143 
361 
183 
(b) 
w 
Q) 
-.....J 
for the highest temperature measurement (sample LS-14). 368 
Temperature measurements based on both calibrations are pre-
sented in Table IV-I. 
(5) Discussion 
Much of the alkali in the samples analysed is consid-
ered to be from secondary inclusions, and to reflect equili-
bration of fluid with silicates at temperatures below that 
indicated by primary inclusion homogenization. The tempera-
tures derived from the 'best fit' line, which are comparable 
with homogenization temperatures (Table IV-2), are therefore 
considered too high, unless secondary inclusions formed 
largely by redistribution and resealing of primary inclusion 
fluid which failed to re-equilibrate. Temperatures from line 
(a) appear more realistic~ but becaus~ the factor (+p[I(Ca)/Nc 
has been neglected, these results may be too high also. 
Some degree of correlation between homogenization temperatures 
and Na-K temperatures is shown by the few samples where the 
results of both determinations are availab .(Table IV-2) .. 
TABLE IV-2 Comparison of Alkali Ratio and Homogenizatic 
( °C) • Temperatures 
Sample T, line ( a) 
LS-09 234 
LS-12 271 
LS-17 268, 206 
LS-18 164, 281 
P:primary S:secondary 
T, 
276 
332 
326, 
178, 
line (b) T, homogenization 
P? 289* 
P 302, 312 S ca268 
235 P 238-327 S ca220 
346 P 300-335 
* Not CO2 -saturated? (may require positive correction for 
pressure). 
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Repeat analyses of LS-20 were made to examine consis-
tency of results. The choice of sample for such a test proved 
unfortunate, as subsequent thin sectioning showed concentrat-
ions of extremely large secondary inclusions, as suggested by 
the generally low temperature measurements. A greater incon-
sistency is shown by the duplicate analyses of sample LS-18. 
In one of these analyses, a very high Na content may be due 
to an unusual amount of secondary inclusion fluid, as suggest~ 
ed by the corresponding high Ca value. Alternatively, sample 
contamination may have occurred. 
There is a number of geochemical factors -largely unev-
aluated which may affect the application of this geothermo-
meter. These consist mainly of solution pH changes, dissolved 
CO 2 , and the presence of large proportions of anion specie£ 
other than chlorides (principally sulphates). Alkali ratio 
geothermometry has only rarely been applied to fossil geother-
mal systems, but more commonly to modern geothermal springs 
and bores, where the problems of low temperatures and shallow 
depth are more acute. Such problems include high Ca contents 
and complications arising from disequilibrium effects (rapid 
cooling, mixing of groundwater, the lining of conduits by 
silica, etc.). 
Such effects may not be significant for the veins at 
Owen, where there is independent evidence for moderate temp-
eratures and pressures. Although hydrothermal carbonates are 
abundant, they are usually present in phases distinct from 
the quartz, and care was taken during sampling to avoid 
material associated with carbonate. In addition, the mineral 
assemblages indicate that low oxygen fugacities prevailed, 
preventing the formation of sulphates during vein formation. 
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Although feldspars may have been absent in the sericitised 
zones of deposition, coexisting muscovite paragonite probably 
maintained sufficient Na-K solid component in equilibrium 
with the fluid for thermal control of composition at the 
time of inclusion formation. 
The results of the analyses are sufficiently en-
couraging to warrant further investigation of the method, 
using smaller samples, and better sample material containing 
fewer secondary inclusions. It is unfor~nate that more deter-
minations of Ca were not made, as it is noteworthy that the 
Ca levels for sample LS-20 reflect the Na-K temperatures. 
Refinements of the method may be possible, leading to absol 
ute quantitative analysis of Ca and the use of the full 
LogA:expressione Such analyses would be possible if the amount 
of liberated inclusion water were measured, perhaps by micro 
gravimetric means. Alternatively, if the sample was crushed 
under a water-miscible organic liquid, or in a carrier gas 
flow, the liberated water could be absorbed onto a catalytic 
surface and estimated electrochemically (Keidel, 1959). 
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THE TREATMENT OF FLUID INCLUSION DATA 
(1) Pressure Correction in 2-Component Systems 
Simple water-halide fluid inclusions may be ~uccess­
fully corrected for sealing pressure by the use of the graphs 
shown in Figure V-2, taken from Lemmlein and Klevtsov (1961). 
Such a correction, however, requires a knowledge of the fluid 
salinity, which can be estimated by the use of freezing tech-
niques published by R~edder (1962, 1963), and outlined below. 
(a) Salinity Determination by Freezing Point Depression. 
The final temperature of melting ice in the inclusion 
fluid is noted, and if the salts can be assumed to be pre-
dominantly univalent halides, Figure V-l permits an estima-
tion of concentration in terms of NaCl equivalent. 
(b) Pressure Correction of Filling Temperatures. 
The measured filling temperatures can now be gi~eri 
positive correction for sealing pressure, a parameter which 
must be estimated by some independent means, e.g. depth of 
burial at the time of vein formation. If such depths can be 
estimated by calculating the overlying lithological thickness, 
considerable errors'· may be incurred by uncertainty of the 
degree of restriction of the system (see Chapter VII). 
Hydrothermal pressures may range from near-hydrostatic pres-
sures in the case of shallow systems, to more than lithostat-
ic pressures in deep systems. 
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FIG. V-1 Low temperature phases of the system H20-NaCl, 
showing the depression of freezing point by salinity, 
Most inclusions form ice under conditions expressed by 
the curve at the extreme left of the diagram. In practice, 
the last melting temperature is used instead of the first 
freezing temperature, to avoid problems caused by liquid 
metastability. 
From Roedder (1962). 
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FIG. V-2 Graphs for the correction of inclusion filling 
temperatures for sealing pressure, from Lemmlein and 
Klevtsov (1961). The horizontal axes represent observed 
filling temperature, and the vertical axes the correction 
to be added. Graphs are given for pure water (above), 
and for 5, 10, 15, 20, 25, and 30 wt.% NaCl (overleaf). 
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(2) Calculation of Pressure for C02-Saturated Systems 
(a) Estimation of COg and Water. Where CO 2 can be re-
cognised in inclusion fluids, the fluid fraction of this com-
ponent can be estimated by measuring the vapour fraction (or 
immiscible liquid fraction) at various temperatures, in sub-
spherical inclusions, by the use of Roedder's (1967)'degree 
of filling' diagrams (Figure V-3). For consideration of both 
liquid and gaseous fluids, Figure V-4 shows the densities of 
the coexisting phases. A minor correction for CO2 dissolved 
in the aqueous fluid fraction may be added, by using the sol-
vus data (Figures 7-21, 7-22, 7-23) and vapour pressure data 
(Figure 7-26). This correction may be slightly improved on 
obtaining a provisional salinity estimate. 
(b) Figure 7-26 shows the lo~ 
temperature phases of the system H20-C02 in terms of tempera-
ture and pressure. Invariant point (d) marks the highest 
temperature at which CO 2 clathrate can coexist with gaseous 
.C02 and liquid water, and the only point at which the phases 
CO2 (1)' CO 2(g)' H20(1)' and clathrate coexist. As shown by 
Larsen (1956), this invariant point is displaced to lower 
temperatures and pressures along the CO 2 (1)/C0 2 (g) boundary 
by increasing salinity of the aqueous liquid. 
The temperature depression of this point can be expres-
sed in terms of fluid composition as follows: 
Log 
e 
(l-X -x )5.75 C02 sol , 
= 
_ t.Ho /.. ) ----R-·f~c---\i~ - it .... (i) 
(Dr A. Metca1fe~ pers. corom.) 
* Chemistry Department, University of Canterbury. 
The symbols of the above equation (i) are as shown: 
XC02 : mole fraction of CO2 in solution (i.e. reactant 
for clathrate formation). 
X 
sol 
o 
.AHfc 
mole fraction of solute (dissolved salts). 
energy of formation of clathrate at observed 
temperature (see Takenouchi and Kennedy 1965b). 
R gas constant. 
T. temperature of invariant point for a solution 
l 
without salt, approximately 283 0 K. 
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TI : observed temperature of invariant point, modified 
o 
to a theoretical value (OK). As equation (i) is derived 
from a consideration of energy changes accompanying clathrate 
formation at ~~~~~~~~~~, the invariant point temperat-
ure meqsured with the freezing-stage (T ) must be modified 
o 
by the following procedure: 
(i) Construct a graph of l"jQ P VS T for values about 
the invariant point (Figure V-S). 
(ii) Add the CO 2 (1)/C02 (g) boundary, which \'1ill plot as 
a straight line (A) of slope 
-r:( H9l) 
(iii) Add the clathrate/C02 (g) + H20(1)boundar y (line E), 
the slope of which is 
(iv) Add EI, a line parallel to E, intersecting line A 
at the observed invariant point. This point is established 
by the final melting temperature of the clathrate (T ), in 
o 
the presence of salts (see Figure 7-26, curve f). 
( d) 
(v) Extend a horizontal, isobaric line through point 
to intersect line EI. This intersection defines -1-T' 
o 
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Equation (i) can be simplified as follows: 
Log (I-XCO - X 1) - Log (I-XCO ) e 2 so . e 2 
:::: 
.................... ( i i ) 
A 5 Log (I-X) ~ -X if X .t..< 1, 
e 
_hH
o 
(- j --,--f c L _ ---±-
5.75 R T' T. 
. 0 ~ 
•••••• ( 1~ ~ ) 
By the use of Equation (iii), the mole fraction of the 
solute is found. Note that the mole fraction value refers to 
the , which for a univalent salt is approx-~~~~~~~~~~~~ 
imately twice the molal concentration; 
i . e. X = 
sol 01 
assuming ideal 
behaviour. 
A small error may be introduced by nonideal behaviour and 
the neglect of activity coefficients. 
(c) Application of Salinity Data to the High Temperature 
Solvus. The salinity value found by the above procedure is 
converted to weight % NaCI equivalent for the inclusion fluid 
at homogenization; i.e. 
(b), above)w(aqueous fluid volume (To) salini ty (from ~ 
total inclusion volume 
The amended salinity value may now be applied to a specific 
Pressure vs Salinity graph drawn up for the measured inclus-
ion, as outlin~d in Chapter VII. For the purposes of meas-
urement, this graph is best prep~red by plotting Log P vs 
e 
salinity (wt. % Nac~, which appears to yield a straight line, 
at least for 'mesothermal measurements, permitting an accurate 
determination by slope calculation. Figure V-6 shows an ex-
ample, using the data of Figure 7-27. 
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FIG. V-3 'Degree of filling' diagrams from ROedder (1967) 
showing the appearence of inclusions of ideal shap~, 
partly filled by a vapour (or immiscible liquid) phase . 
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FIG. V-6 The derivation of sealing pressure from salinity, 
using the line plotted for the solvus of the specific 
system represented by the measured inclusion. 
The data shown above is for the sample LS-12 (compare with 
Figure 7-26). 
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APPENDIX VI 
FLUID INCLUSION RESEARCH TECHNIQUES 
(1) High Temperature Techniques 
Roedder (1962) described heating and cooling stageS 
for fluid inclusion studies. Such stages are commercially 
available, but due to their comparatively high cost, they 
remain uncommon except where research organisations specialisl 
in this type of investigation. For small projects, a satis-
factory stage for heating can be obtained by adapting 
cheaper equipment as outlined by Newman (1974), and shown 
in Figure VI~l. A good microscope is essential, especially 
if small inclusions are to be studied. For typical inclusions 
in the size range 5-50 ~, an objective power of x40 to x50 
is required, preferably of the 'long working distance' type. 
Binocular eyepiece attachments are desirAble due to the long 
viewing periods required when making homogenization measure-
ments. 
Sample preparation has been described in Chapter VII. 
Careful polishing of both sides of a quartz wafer greatly 
improves the image quality, although partial polishing is 
adequate if the inclusions are very large, and especially 
if silicone oil is used as a. sample immersion medium (Newman, 
1974). A rapid examination of the sample wafer should be made 
before polishing is complete, so as to ensure that useable 
inclusions are present. This step can be carried out by simply 
mounting a cover slip on the sample with a small drop of watel 
or immersion oil. 
For the accurate determination of homogenization temp-
eratures, a heating rate of less than 2 0 C/minute is recommend-
ed for temperatures within ca- 10 0 of the filling point. 
380 
FIG. VI-1 Hot-stage apparatus as used in this project. 
The microscope is a Leitz Dialux-Pol* with a x44 N.A.=O.65 
objective (this lens was intended for polished section use, 
but provided satisfactory images for inclusions within 
quartz sections and beneath cover slips). A x25 objective 
was also fitted for locating inclusions prior to heating; 
other objectives were removed to provide more working 
space near the stage. Both xlO and x20 oculars were used. 
The hot-stage is a standard Reichert stage intended for 
the determination of melting points and thermal decompo-
sition, etc. of chemical substances. An aluminium foil 
lid has been added to reduce convection above the hotplate, 
and to reduce heating of the microscope. Temperature is 
measured with a mercury thermometer supplied with the stage~ 
Other apparatus shown includes a variac transformer (right) 
to supply the heating element, and forceps and silicone 
oil (left) for use in mounting the sample. 
* Not Ortholux as previously stated in error (Newman, 1974). 
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It is not advisable, however, to maintain high temperatures 
for long periods, as vapourising silicone oil will condense 
On the objective, and excessive heating of the microscope may 
incur damage. Unless special cooling accessories are fitted~ 
a cooling period between thermal runs is advised. 
Illumination when using the hot-stage is complicated 
by the increase in distance between sample and condenser, and 
the consequent lack of conoscopic illumination is especially 
noticeable when examining very small inclusions. The addition 
of a small condenser lens directly beneath the hotplate would 
overcome this problem. 
( 2) 
(a) Examination of Inclusions without Temperature 
Measurement. Routine examination of fluid inclusions at low 
temperatures, advocated by Newman (1975), is easily carried 
out by spraying the underside of the glass slide sample mount 
with a small jet of liquid CO 2 while the sample is in place 
on a conventional microscope stage, and under observation. 
The C02 refrigerant is commercially available in a spray can, 
from which the contents are discharged through a small, flex-
ible plastic tube which can be carefully passed above the 
microscope condenser to chill a small area about the field of 
view. Care should be taken when chilling samples mounted as 
thin sections, as the balsam mount ant may 'craze' and possibly 
detach from the slide due to thermal shock. 
(b) Cooling Studies involving Temperature Measurement. 
The precise measurement of temperature with cooling stages 
involves a number of potential difficulties, including thermal 
gradients within the stage or between sample and stage, sample 
heating by the illumination, misting and icing of sample and 
objective surfaces, and problems associated with maintaining 
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a controlled flow of refrigerant. Many of these difficulties 
and the need for any cooling stage at all, are eliminated by 
refrigerating the entire microscope in a large, 'walk in' 
freezer. A very accurate measurement of temperature may be 
obtained by simply reading the ambient air temperature near 
the microscope. Further advantages include the use of the 
standard conoscopic illuminator, and of oil immersion. Also, 
the dry atmosphere prevents misting and icing problems. For 
the low temperature study of very small inclusions, this 
method is unsurpassed, but for general use there are consider· 
able disadvantages. The operator must endure the low temper-
atures while examining the sample, and temperature changes 
are very slow due to the large thermal capacity involved. 
The method may be employed with minimum discomfort if the 
operator enters the freezer for a short time at regular inter-
vals to check the appearence of the inclusion contents. The 
microscope used in this manner (a Leitz ~~~~~~l) withstood 
temperatures down to -20 0 C without damage, but removal of 
unnecessary objectives is advisable. The disadvantages of the 
method could be overcome if a small freezing chamber was con-
structed to hold the microscope alone, with suitable ports 
through which the ocular tubes could project, and with extend-
ed controls for the remote operation of focus adjustment. 
A conventional cooling stage is more convenient to use, 
and will produce satisfactory results if care is taken to pre-
vent the problems noted above. The design of a cooling stage 
which should produce good results is shown in Figure VI-2. 
A stage of this type was constructed and used for this project, 
but lacked some of the refinements shown. 
Filtering of the illumination by a blue filter will 
greatly reduce the heating of the sample, but the use of the 
1 
k 
n 
FIG. VI-2 Practical design of a cooling stage, shown 
in section, approximately natural size. 
(a) Microscope objective. 
(b) Cooling block (aluminium, brass, or copper). 
(c) Annular passage for gas flow. 
(d) Non-conducting support blocks and annular sealing 
disk ('tufnel' or similar). 
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(e) Cell of low freezing temperature liquid, with relief 
vent. 
(f) Accessory condenser lens. 
(g) Plane glass window. 
(h) Insulation (cotton or dacron wool). 
(i) Outer case (tperspex' or plastic). 
(j) Refrigerant gas inlet tube (plastic, insulated). 
(k) Small tube for flushing gas entry. 
(1) Refrigerant gas exhaust. 
(m) Sample-wafer, mounted in suitable immersion medium 
between cover slips. 
(n) Holes for mounting screws, for attachment to microscope. 
(0) Line to thermocouple. 
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lowest adequate level of illumination is recommended. 
If photography of the chilled inclusions is required, a flasl 
type illumination will prevent image blurring caused by volu!! 
changes and Brownian movement. An accessory condenser lens 
below the sample will greatly improve image quality, but this 
lens should be combined with the liquid-filled cell shown in 
Figure VI-2, to provide good thermal equilibrium between 
sample and stage. If such a cell is used, a small vent channe 
must be provided to prevent air bubbles being drawn in beneat 
the sample during contraction of the liquid. 
The most suitable refrigerant was found to be the vapou 
from boiling liquid air or liquid nitrogen. Flow rates, and 
hence stage cooling rates, can be controlled by the following 
methods: 
(i) The exhaust vent of the stage can be connected to 
a tap aspirator, and the input tube immersed in the liquid 
refrigerant in an open container. With this configuration, 
a long inlet tube length must be exposed to the air to allow 
the liquid to boil before reaching the sta~e. The flow is 
controlled by a pinchclamp on the exhaust tube, but Ibumpingl 
of the poiling liquid is difficult to prevent. 
(ii) A more satisfactory method involves venting the 
stage exhaust freely, and sealing the liquid refrigerant 
flask to the stage input line by means of a rubber bung and 
glass tube. The refrigerant gases may now be boiled off and 
forced through the stage under slight positive pressure by 
the use of a small electric heating element immersed in the 
liquid. A heating-stage variac transformer is adequate to 
power such an ,element, and provides excellent control of gas 
flow rate. If this method is used, a second tube through the 
flask bung should be provided, terminating in a lightly 
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stoppered seal, to act as a safety valve in case of the accu-
mulation of excessive pressure. This precaution is necessary 
because the main flask bung usually becomes firmly cemented 
in place by accumulated ice. Care should be taken to ensure 
that the boiling-off process is not continued to the point 
wgere the liquid level falls below the heating element; shoul, 
this occur, the element will rapidly burn out. No oxidisable 
substance sh6uld be allowed in the flask if liquid air is use-
as ignition by an overheated element in such circumstances 
can have destructive consequences.* 
Misting and icing is greatly reduced by packing the 
space around the objective with insulation, and entirely 
eliminated if the stage chamber is periodically flushed by 
a small flow of dry refrigerant gas. Leakage around the annu-
lar sealing ring may provide sufficient gas for this purpose 
during a cooling run, but adequate flushing before cooling 
begins is recomm~ded, to remove all water vapour from the 
chamber. 
Stage temperature is easily monitored by using a thermo 
couple cemented into the cooling block, and standardised 
bya reference junction in melting ice. Connection to the 
high-impedence input of a chart recorder provides a convenien 
readout. Temperature calibration may be checked by freezing 
small drops of saline water. All temperature measurements 
made with a cold-stage should be taken from melting points, 
because of the common liquid metastability encountered in 
small inclusions. 
*The writer has personal experience of such an incident. 
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APPENDIX VII 
CORRELATION OF SAMPLE NUMBERS 
Writer's LS number UC number * 
LS-Ol UC8933a 
LS-06 UC8933b 
LS-09 UC8933c 
LS-12 UC8934 
LS-13 UC8933d 
LS-14 UC8933e 
LS-15 UC8933f 
LS-17 UC8933g 
LS-20 UC8933h 
LS-21 DC8933i 
Polished specimens UC number 
PS500 UC8872 
PS501 UC8868 
PS503 UC8890 
PS504 UC8888 
PS505 DC8888 
PS506 UC8889 
PS507 UC8894 
PS508 UC8895 
PS509 UC8896 
PS510 UC8893 
PS511 UC8886 
Notes. 
UC numbers and PS numbers are catalogued at the Geology 
Department, and the specimens retained in collections. 
"" Gaps in the LS series are due to the discarding of. 
unimportant material, and some specimens referred to in 
the text are not catalogued because insufficient sample 
remained. 
